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SYNOPSIS 
Commercial grades of dough moulding compounds (DMC) are typically 
based on glass fibre reinforcement, unsaturated polyester resins (UPR) and 
particulate inorganic fillers. Such systems are inherently i.J\'flammable and 
will emit dense smoke on combustion, therefore the more expensive fire 
retarded grades of UPR must be used for fire critical applications. 
The recently introduced, second generation phenolic resols are intended 
for composite applications. These resins have in particular, excellent ~e ~ 
and smoke properties which gives them the potential to replace UPRs in 
DMC formulations: these phenolics are of comparative price. 
A number of different phenolic resol resins, particulate fillers and 
reinforcing glass fibres were examined, so as to make a simple phenolic 
DMC with reasonable mechanical properties (ie. comparable with 
UPR.DMC). Using these PF.DMC formulations, a number of 
compounding methods were evaluated and developed to produce 
acceptable compounds and subsequently cured mouldings. 
The main area of work reported was the development of a twin screw 
extruder techniques for compounding. The length and orientation of glass 
fibre were controllable and can be predicted from screw configuration and 
die design. 
Other raw material properties examined included the effects of coupling 
agents and thickening agents. Compound properties studied included 
processibility, shelf-life of PF.DMC compound, fibre length populations 
and orientation and the rate of cure. Mechanical properties were examined 
in cured compounds. 
In conclusion the work showed that: 
i) a twin screw extruder can be used for controlled compounding of resol 
resins with filler and fibres, to make a DMC. The method has the potential 
for full automation, 
ii) low viscosity resol resins (with relatively high water content), readily 
wet filler and fibres in the DMC compounding process, leading to good 
mechanical properties. In comparison, higher viscosity resols (with low 
water content), had shorter cure time, but slightly poorer mechanical 
properties, 
iii) the pH of the resin was found to be the most important factor in 
controlling the shelf-life and rate of cure of compounds: fillers and 
coupling agents will have a significant effect on pH, 
iv) a cured DMC made from phenolic resol resin has comparable or better 
mechanical properties to those of UPRDMC. 
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CHAPTERl 
INTRODUCTION 
Lt Introduction 
Fibre reinforcement of plastics is used primarily to increase strength, 
stiffness and reduce thermal expansion, thus providing materials more 
like and competitive with metal. One important thermosetting composite 
material is the dough moulding compound (DMC). These compounds are 
typically prepared from glass fibre, thermosetting unsaturated polyester 
resins (UPR) and inorganic particulate fillers. Such cured compounds can 
provide not only high strength, stiffness but also relatively high heat 
resistance, high impact strength, smooth surface, zero mould shrinkage, 
easier than thermoplastics processing with substantially lower required 
moulding pressures and finally, low cost per unit volume. 
The properties of UPR.DMC are influenced by the individual resin, filler, 
fibre reinforcement components, their relative properties, compounding 
methods and cure process used. Although epoxy and other thermosetting 
resin have been used to achieve special properties [1], the main 
commercial grades of DMC are formulated from UPRs. The advantages 
here are low cost, fast cure combined with negligible pre-reaction when 
stored at room temperature (tailored to specific production uses) and 
generally good mechanical properties. 
However, to improve on UPR.DMC poor fire properties, while avoiding 
the unnecessary increase in cost of special additives, recently attention has 
moved to the use of phenolic resol resins for the production of DMC. 
Phenolics are known for their superior fire performance and smoke 
properties and especially in high heat resistance applications. 
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In the research work reported below simple PF.DMC formulations were 
developed which could be employed in the evaluation of various old and 
new compounding techniques. 
1.2 Objectiye of Research Programme 
i) To develop simple dough moulding compound (DMC) formulations, 
based on non-acid cure phenol formaldehyde resol of either low and high 
viscosity resins, particulate fillers and reinforcing fibres. 
jj) To develop a continuous compounding process using a simple PF.DMC 
formulation which satisfies the following: 
a) controlled metering of resin, filler and continuous glass fibre rovings, 
b) rapid and thorough wetting out of filler and fibre by resin, 
c) excellent mixing and distribution of resin with filler and fibres, 
d) controlled fibre attrition, giving a significant population of fibres of 
relatively long length and low proportion of "fines", 
e) controlled and simple fibre orientation, 
f) to have comparable processing and end-product properties as· 
unsaturated polyester DMC. 
Hi) To examine conventional compounding processes for comparative 
purposes. 
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CHAPI'ER2 
LITERATURE REVIEW 
2.1 Resin 
A number of thermosetting resins are now employed in the manufacture 
of moulding compounds. Cross-linkable prepolymers (ie. oligomers) used 
in large volumes include: 
1) Phenol-formaldehyde (PF), including the novolak moulding powders 
and resol liquid resins. 
ii) Amino-formaldehydes, including urea-formaldehyde (UF) and 
melamine-formaldehyde (MF), in powder or liquid form. 
, 
iii) Unsaturated polyesters, glass-fibre impregnation resins, dough-
moulding and sheet-moulding compounds (DMC and SMC respectively), 
and moulding powders. 
iv) Epoxide resins, (normally available as liquid impregnation resins). 
The commercial significant system are based on unsaturated polyester 
resins (UPR's) although acid cured phenol formaldehyde (PF) resol resin 
now being introduced . 
. Thermosets differ fundamentally from the· thermoplastics in many. 
respects. To form thermosets, a chemical reaction(s) occurs when the 
thermosettable compound is subjected to heat and pressure of the 
moulding process, which simplifies some of the difficulties associated 
with thermoplastics processing. The thermosettable materials are based on 
oligomers or prepolymers, which initially exhibit certain thermoplastic 
characteristics, melting fairly sharply at relatively low temperatures to give 
low-viscosity liquids; some are mobile liquids at room temperature or are 
made so by the use of a solvents, such as unsaturated polyester resin 
dissolved in styrene[1]. In comparison thermoplastics will normally have 
to be melt processed at 170 to 350°C to make useful shapes. The following 
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two sections (2.2 & 2.3) describes the history and commercial chemistry of 
PF and UPR resins. 
2.2 Phenolic Resin 
2.2.1 Historical Background 
Experiments by von Bayer[2] in the 1872 with the phenol-formaldehyde 
reaction, while he was investigating phenol-based dyes, gave soluble, 
amorphous resins that were of little commercial significance. The 
conversion of a phenol-alcohol to an infusible and insoluble resin by the 
action of heat and ammonia was demonstrated in the 1890's by Paal and 
Senninger and also by Lederrer and Manasse[3] in 1894. The substances 
obtained by these investigators were merely of theoretical interests and no 
attempt was made to utilise them commercially. Further more their 
method of preparation was too expensive and unpredictable and the 
properties of some of their resinous products were not satisfactory to 
suggest the possibility of utilising them for technical purposes. Speyer and 
Luft were the first to recognise the possible technical significance and 
practical use of curable phenolic resins in 1902. An economical method of· 
converting these resins into a moulded parts was first made by 
Leo.H.Baekeland in 1909[4]. 
His famous "Heat and Pressure" patent (among his other 118 patents on 
phenol-aldehyde plastics) described a means for bringing about a rapid 
cure of a moulding composition in a shape predetermined by the shape of 
the mould. Pressure greater than the vapour pressure of the water 
evolved during the curing process were employed to prevent blistering 
and other voids in the moulded article. The use of high temperatures 
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permitted rapid curing cycles and hence made the process attractive 
commercially. 
A next major contribution was made about 1911 by Aylsworth[5] who 
recommended hexamethylenetetramine (HMTA or "hexa"), as a curing 
agent for the thermosettable PF resins, now known as the novolaks. The 
novolaks were readily prepared being hard, grindable and easily handled 
solid oligomers that could be stored for long periods without 
deterioration. 
Meanwhile other applications for phenolic resins were developed. The 
initial phenol-aldehyde condensation products obtained with alkaline 
catalysts were named "resols" by Lebach[6]; these correspounded to the 
soluble and fusible A stage resins as defined by Baekeland. 
2.2.2 Chemistry of Phenolic Resin . 
Phenol-formaldehyde oligomers are produced by condensation reaction of 
difunctional monomers mainly formaldehyde CH2=O (produced from. 
dehydrogenation of methanol over a silver catalyst), with monomers of 
functionality of two or higher, mainly phenol C6HSOH (produced form 
decomposition of cumene hydroperoxide under acidic conditions). 
Other precursor materials including; substituted phenols (alkylated 
phenols) e.g cresols, xylenols, and resorcinols, as well as substituted 
aldehydes e.g acetaldehydes, glyoxal, paraldehyde and furfural, are used for 
speciality resins[7]. 
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Phenols as monomers possess a functionality of 1 to 3 depending on 
substitution, while aldehydes are difunctional. In practice, a decreasing 
"functionality" is found with increasing MW and reduced branching. 
Temperature, pH and the stoichiometric variation under which reactions 
of phenols with formaldehyde are carried out have a profound effect on 
the characteristic of the resulting products. Three reaction sequences occur; 
first, formaldehyde addition to phenol, second; chain, growth or oligomer 
formation, and finally the crosslinking or curing reaction, (with use of a 
crosslinking agent, as known as a "curing agent" or "hardener"). The rate 
of phenol-formaldehyde reaction at pH 1 to 4 is proportional to the 
hydrogen ion concentration, above pH 5 it is proportional to the hydroxyl 
ion concentration, indicating a change in reaction mechanism. Nowadays 
two main oligomer types are manufactured: i) novolaks and ii) resols[1]. 
i) Novolaks are linear or slightly branched condensation products linked 
with methylene bridges having relatively low molecular weight up to 
approximately 2000. These resins will cure only by addition of a 
"hardener"(e.g hexa, a thermally reactive compound formed from· 
ammonia and formaldehyde, the amount of an aldehyde to promote cure 
should be equal to stoichiometric equivalent), to insoluble and infusible 
products, (ie. thermoset products). Further details are available in 
literature [8]. 
ii) Resols are obtained by reaction of phenols and aldehydes under alkaline 
conditions, where the aldehyde is used in excess. Phenol to formaldehyde 
ratios varies between 1:1 to 1:3. The resol oligomers are mono-, di-, and 
polynudear hydroxymethyl phenols which are stable at room 
temperature, but are crosslinked into an infusible polymer,s by the 
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application of heat or acids. Heat curing liquid resol resins are the type of 
resin employed in the present work and more emphasis will therefore be 
on these type of resins. 
2.2.3 Curing Process 
The cure (or cross-linking) of PF resol resins is a continuation of the 
reaction process started when the ingredients were reacted to a resin of an 
earlier stage (ie. formaldehyde, phenol and alkaline-catalyst). In these 
resins there is a molar excess of formaldehyde, which is bi-functional. 
Phenol is tri-functional. Under these conditions no other ingredients is 
needed; the resin cures simply on the application of heat and hence, is 
called a "one-step" resin (Figure 2.1). Zinke proposed the direct 
involvement of the hydroxyl group of phenols (a), condensation of 
methylene bridge with hydroxylmethyl group (b), and crosslinking of 
methylene bridges with formaldehyde liberated during cure (c) as seen in 
Figure 2.2. Whilst the curing reaction may be promoted by heat alone as in 
traditional phenolic applications (typically 140-200°C) a similar reaction 
may be promoted in resols at ambient temperature using a strong add· 
catalyst. (Figure 2.3) shows a mechanism for acid cure PF resin crosslinking 
[9]. It is this reaction which may be utilised in cold setting processes for 
phenolic resins. 
The pH during heating of one-step resins influences the path that the cure 
takes. When o-methylol phenol is heated without any catalyst, the 
methylene ether is formed in high yield. With acid or alkali added, the 
products are largely diphenyl methanes, particularly in the case of alkaline 
catalysis[3]. In all cases, one molecule of water is liberated each time a 
phenol alcohol condenses. 
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2.2.4 Viscosity 
The physico-chemical structure of phenolic resins is very complex. The 
viscosity of the oligomer will vary over a wide range depending on the 
molecular weight of the resin, type of catalyst used and water content. The 
dependence of phenolic resin viscosity on ambient temperature is similar 
to many other liquid organic compounds, e.g. polyester resins and can be 
described by the following formula(10): 
where: 
1'\ = KT e E/aT + b 
'11 = viscosity (Pa.s) 
T = Temperature (1<) 
K = a factor ( 2.10 E-15 1/K) 
El a = activation energy per degree 
b = a constant 
In contrast to polyester resins which are frequently thixotropic, phenolic 
resins have been observed to show alternative non-Newtonian· 
behaviour, ie. low viscosity values at lower shear rates, and high values 
observed for increased shear rates. However, this phenomenon is thought 
to occur due to surface effects on the interface between phenolic resin and 
the viscometer's metallic rotating spindle due to the formation of a very 
thin lubricating water layer. 
2.2.5 Shrinkage 
Since the curing mechanism of PF resins is based on a polycondensation 
reaction with low molecular weight compound (water) production,· the 
peak temperature is always reached before gelation, and not after gelation 
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as for polyester resins which cure due to polymerisation reaction with a 
free radical mechanism[l1]. This means that a substantial percentage of 
volume shrinkage occurs in the liquid state of a PF resin and so less 
mechanical stresses are "frozen" in the cured product. 
2.2.6 Composition of Resol 
Most commercial resin compositions are proprietary secrets to their 
manufacturers although the resol type phenolic resins are believed to 
consist of [12]: 
Phenol formaldehyde resol 
.Dipropylene glycol 
Industrial petroleum spirit 
Urea 
Oxalic acid 
Melamine formaldehyde 
Water 
The advantages of the addition of dipropylene glycol are claimed to be: 
a) it controls the viscosity of the resol by preventing further 
polymerisation (chain stopper), 
b) it controls the speed of crosslinking (ie. gel time, cure time, and 
exotherm of the resin), 
c) it partially prevents discolouration due to quinone formation 
(intermolecular loss of water from ethers and direct loss of water from 
the original a1cohols), 
d) it reduces brittleness of cured resin by improving flexibility of the chains 
and trapping more hydrogen bonded water for use as a plasticiser, 
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e) the increased ether link concentration increases the hydrogen bonded 
water concentration which improves fire retardancy and reducing 
smoke emission, 
f) it reduces water absorption and desoi-ption. This is because is saturated 
with hydrogen bonded water, 
g) low shrinkage during curing is possible. Thus minimum warping will 
occur after post curing. 
When urea is added to resol, it condenses with the formaldehyde evolved 
during curing and also acts as a formaldehyde absorber. 
To summarise, the main parameters for classifying resols are [12]: 
Solid content 
Viscosity 
Specific gravity 
pH 
Refractive index 
Peak exotherm during curing 
Free phenol content 
Free formaldehyde content 
Water content 
Concentration of methylol groups 
Average molecular weight 
Control of viscosity is achieved by degree of condensation, related to 
average molecular weight and molecular weight spread, and also water 
content of the resin. A relatively small amount of residual water will 
reduce the viscosity of the PF resol substantially, but it will also reduce 
reactivity[13]. Reactivity is controlled bya number of variables, but in 
particular, the quantity of methylol phenols present. The more "reactive" 
a resin, the shorter will be the cure time ina practical moulding situation. 
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2.2.7 Manufacturing Process 
The type of equipment used in the manufacture of phenolic resin is 
shown schematic ally in Figure 2.4. Resole resins are ordinarily 
manufactured by a batch process in jacketed stainless-steel kettles. 
Normally, solid resol resins are prepared in ca 10-m3 (9,500-lit) reactors. 
Novolaks because of their thermal stability and thermoplastic character 
are prepared in ca 30-40 m3 (30,OO0-37,OOO-lit) reactors. In the manufacture 
of water-soluble or solution resins, less-complicated reactors often can be 
used and may have capacities of 60 m3 (60,000 lit). In a typical reaction 
cycle, a molar excess of formaldehyde (warm formalin (37-40%) at about 
40°C) is reacted with the phenol (at 60-6S0 C). The alkaline catalyst is then 
added and the batch tested for pH. The temperature is raised until the 
exothermic reaction becomes strong enough to cause the batch to 
exotherm without further external heat[14]. 
The reaction temperature may be at 60°C under vacuum reflux or at 102°C 
at atmospheric pressure. Time at reflux temperature varies from 1-3 hr 
followed by dehydration using vacuum to hold finishing temperatures . 
below 100°C. For the very low-molecular-weight, highly methylolated, 
highly water-soluble liquid resins the finishing temperature must be held 
as lo~ as possible, preferably below SO°C[lS]. 
A continuous process for one-step resin has been developed which uses 
the initial exothermic heat of the reaction in a heat exchanger to warm the 
incoming uncatalysed phenol-formaldehyde mixture. By four successive 
downstream portion additions of catalyst, the exotherm is maintained and 
kept under control. On emerging from the reaction stage the resin is 
cooled to room temperature and pumped to storage[16,17]. 
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Figure 2.4: Diagrammatic Representation of Resin Kettle and Associated 
Equipment Used for the Preparation of Phenolic Resins. 
Two classes of resol are generally produced, water-soluble resins prepared 
using caustic soda as catalyst, and alcohol-soluble resins which are 
catalysed by addition of ammonia. The former are usually partially 
dehydrated during manufacture to give an aqueous resin solution with a 
solid content of about 70%. These resins are used mainly for mechanical 
grades of glass, paper, and cloth laminates. In contrast to the caustic soda-
catalysed resols the latter have good electrical insulation properties. 
2.2.8 Physical Properties 
Physical properties of a typical PF resol resins for composite 
applications[18] are as follows: 
Viscosity at 25°C (mPa.s) 
Specific gravity at 25°C (g/ml) 
pH 
Free formaldehyde (%) 
Free phenol (%) 
Water content (%) 
2.3 Unsaturated Polyester Resin 
2.3.1 Historical Background 
200-2000 
1.24-1.25 
7.3-7.8 
2.5 
min 0.5, max 10 
varies from 4 up wards 
depending on applications 
The polymers referred to as polyester resins, have been known for over 
100 years. However, UPR were introduced and made by Carothers[19] in 
1929, from dibasic carboxylic anhydrides, such as phthalic and maleic 
anhydrides, and glycols; these were the origins of today's moulding 
compounds. Such linear oligomers were found to be capable of conversion 
to infusible solids (je. crosslinked) using free radical catalysts by Bradley[20] 
in 1937. Soon after this it was discovered that addition of unsaturated 
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monomers such as styrene, accelerated the cross-linking process some 30-
fold. Successful commercialisation of these resins occurred during World 
War 11, and moulding compounds for hot press mouldings were 
developed in the 1950's. Resins for converting into polyester moulding 
compounds resulted from these developments. 
2.3.2 Chemistry of Unsaturated Polyester Resin 
UPRs are obtained from the reaction of mixture of saturated and 
unsaturated dicarboxylic acids with glycols, subsequently diluted with 
unsaturated monomers. The flexibility in the design of these systems 
arises from the variations in the type and quality of each components. 
Although there are many types of UPRs, only a few types are used in most 
DMC applications. The most common are the polypropylene glycol 
fumarate resins which are prepared from the condensation of maleic 
anhydride with propylene glycol. 
2.3.3 Composition of UPR 
General-purpose resins used for moulding compositions are based on 
phthalic and maleic anhydrides, and propylene glyco1[21]. A typical 
formulation for such a resin would be as follows: 
Saturated acid, e.g, Phthalic anhydride: 1 mole 
Unsaturated acid, e.g, Maleic anhydride: 3 mole 
Glycol, e.g, Propylene glycol (propane-l,2-diol): 4.5 mole 
Styrene: 2.5 mol 
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2.3.4 Manufacturing 
Figure 2.5 is a schematic diagram of a batch process for unsaturated 
polyester resin production[21]. 
2.3.5 Physical Properties 
Physical properties of a typical UPRs for composite applications are as 
follows: 
Specific gravity at 20°C 1.11 
viscosity at 25°C (mPa.s) 250 
Shrinkage, volumetric (%) 8 
Monomer content (%) 40 
Styrene (depending on viscosity, 3-70 
stochrometry and volatile loss) (%) 
Glycol is added to prevent the polyester crystallising by steric hindrance. 
Cross-linking density can be adjusted by varying the unsaturated/saturated 
acid ratio, and the rigidity can also be increased by going from an aliphatic 
to aromatic acid. A further details on reactions, alternative precursors, 
developments and properties of UPRs can be found elsewhere in. 
literature[21-22]. 
2.4 Historical Deyelopments of Reinforced Thermosetting Compounds 
for Hot Press Mouldings 
2.4.1 Polyester Moulding Compounds 
In the late 1940's, UPRs diluted with styrene (ie. "reactive diluent") were 
developed for cold cure applications using chopped strand mat as 
reinforcement [21]. The development of no or low-pressure curing systems 
in which no volatiles (ie. condensation products) were evolved, permitted 
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Figure 2.5: Schematic Diagram of UPRs Production. 
the producer of mouldings to work at low temperature and with cheap 
process equipment; hence opening the door to UPR manufacture. 
Originally Owens Coming Fiberglass company attempted to develop 
polyester moulding compositions with glass rovings in 1949. However, 
the problem of segregation of resin from glass during moulding was 
evident[23,24]. In the mid-50's it was realised that particulate fillers could 
play an important roll not only in the rheology of the compounds during 
moulding, but also in thickening the resins to a more solid-like 
consistence that could be conveniently handled. The first truly polyester 
moulding compounds developed were known as "premix" and later as 
."dough moulding compounds" (DMC) in Europe and "bulk moulding 
compounds" (BMC) in America. 
The DMC were originally developed in an attempt to combine the 
mechanical properties of polyester glass laminates with the speed of cure 
of conventional thermosetting moulding powders, and the relative 
convenience of handling on compression moulding equipment. 
Cellulosic reinforcements were popular at the time and sisal reinforced 
compositions were quickly developed for cheap ducts, automotive, 
housing and various applications, where price was a controlling 
factor[26,27]. However, the resulting moulding compounds were relatively 
weak and exhibited high water absorption, caused by the porous nature of 
the fibre. With the subsequent development of DMC compositions and 
their improved mechanical properties and mouldability, glass became the 
preferred reinforcement. 
15 
Since 1960's much work has been carried out on the optimisation of 
polyester DMC compositions, with factors such as resin, filler, glass fibre 
being investigated. Variability of mechanical properties, sink, cracking, 
and warping all posed problems that had to be overcome in the utilisation 
of DMC. Further comments are made on such developments. 
Further progress in UPR was followed by the introduction of sheet 
moulding compounds (SMC) by Bayer in the late 1960's[28]. SMC differs 
from DMC in that, has less particulate filler, contains higher percentage 
and longer glass fibre , and is produced in a semi-continuous form. A 
typical polyester SMC and DMC formulation, and their physical properties 
are seen in Tables 2.1 & 2.2 [29]. 
The different types of SMC[30] now available include: 
HMC 
LMC 
SMC-C, -D, -R 
SPMC 
TMC 
UMC 
XMC 
ZMC 
High-strength moulding compound 
Low-pressure moulding compound 
Continuous, directional and random SMC respectively· 
Solid polyester moulding compound 
Thick moulding compound 
Unidirectional moulding compound 
Directionally-reinforced moulding compound 
Low profile moulding compound 
2.4.2 Shrinkage Control 
In the early 1960's, a major improvement in compounding took place. It 
was found that a variety of thermoplastics resins, added to a UPR 
compound, could eliminate shrinkage during cure and even to some 
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Raw Material Function SMC (wt%) DMC (wt%) 
Polyester resin Matrix 30.0 25.0 
Calcium carbonate Particulate Filler 33.5 45.5 
Organic peroxide Catalyst 0.5 0.5 
Zinc sterate Release Agent 2.0 2.0 
Polyethylene powder Shrinkage Control 6.0 5.0 
Pigment Colouring Agent 2.0 2.0 
Magnesium oxide Thickening Agent 1.0 - - -
25-50mm chopped Reinforcement 25.0 
glass fibre (SMC) 
6mm chopped Reinforcement 20.0 
glass fibre (DMC) 
Table 2.1: Typical UPR.SMC and DMC Formulation 
Properties SMC DMC 
. 
Flexural strength (MPa) 150·250 80·120 
Flexural modulus (GPa) 9 ·15 9·15 
Tensile strength (MPa) 60·140 30·70 
Impact strength (J/25mm width) 11 ·1 8 3 ·14 
Specific gravity (g/cm3) 1.7·2.1 1 .8· 2 
Temperature of deflection (C) 150·210 150·210 
-------------------------
... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
Glass content ("10) 20·30 15·20 
Table 2.2: Typical Physical Properties of Commercial 
UPR.SMC and DMC System 
extent during cooling from mould temperature[31,32]. In the mid-60s a 
range of true low-shrink or low profile systems were introduced (such as 
polyvinyl acetate, polymethyl methacrylate and saturated polyester 
urethane). A low profile additive is at least partly soluble in the uncured 
resin. As the system crosslinks, the thermoplastic polymer becomes 
incompatible (ie. less soluble/immiscible) and at least partly comes out of 
solution. This action causes a volume expansion that compensates for the 
shrinkage that occurs when the system mixture crosslinks. As well as 
affecting shrinkage, a low profile additive has been found to eliminate the 
fibre pattern on the moulded surface and warping of large flat parts. 
2.4.3 Thickening Agents 
A second major improvement in compounding resulted from the 
discovery that various group IIA metal oxides and hydroxides in a finely 
divided form could promote considerable thickening of UPR after some 
time (the so-called "maturation period"). This allowed the use of lower 
loading of particulate fillers and consequently lower viscosity pastes to 
wet-out fibres, compared to conventional UPRDMC. There are two main· 
types of thickening mechanisms: 
i) Chemical thickening- the total process of thickening through such 
elements as magnesium oxide and hydroxide, calcium oxide and 
hydroxide, etc, is characterised in four distinct stages[23] as shown in 
Figure 2.6. In the initial stage, there is an induction period where the 
viscosity remains low, allowing for glass and filler particle wetting. This is 
followed by the second stage in which the viscosity rapidly increases to a 
high level (ie. "the maturation period"). In the third stage, a plateau is 
reached in which the viscosity of the compound is at an optimum level 
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Figure 2.6: Typical Thickening Curve for Production of SMC Showing 
Mouldable Region. 
for moulding. With time, the material is no longer suitable for moulding 
(ie. out of "shelf-life", where the compound is no longer capable of 
uniform flow in the mould). In order to minimise the amount of 
fluctuation in the maturation process, there has to be tight control over 
many factors including the resin quality, filler and maturation agent 
particle size, temperature, moisture content and mixing process[23]. 
Magnesium oxide is the preferred thickening agent in polyester DMC. The 
maturation process is thought to proceed via the formation of a basic salt 
(I) by the reaction of MgO with a polyester carboxylic end group[33]. 
Depending on the ratio of carboxylic acid groups to MgO, the reaction can 
proceed further to form a neutral salt; (ii). 
COOH + MgO -> COO.MgOH (I) 
COO.MgOH + HOOC -> COO.Mg02 C + H2 0 (ii) 
In certain papers[34,35], the high viscosities obtained from following 
maturation is a result of the formation of high molecular weight products 
and chain entanglement. However, other researchers[36], proposed that 
the viscosity increase during maturation is a result of complexation, 
formed with bonding between the UPR's OH and COOH, oxygen atom and 
coordinates sites on the magnesium. 
Because of the difficulty in controlling all the variables in the UPR 
maturation process using alkaline metal oxides or hydroxides, alternative 
methods have been developed. One technique involves isocyanate 
extension reactions. Essentially linear extension of the polyester occurs via 
free OH groups resulting in an ester/urethane copolymer. The materials 
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have high viscosity similar to UPRs reacted with alkaline earth oxides[37]. 
Viscosity during moulding at elevated temperatures in polyester extended 
with isocyanates tends to be higher than that of polyesters matured using 
metallic oxides. This is thought to be due to stable covalent urethane 
bonds forming at the moulding temperatures. 
The draw back of such system is the control of the amount of water 
present in the formulation, since water can compete for isocyanate (e.g 
(MOl), 4,4'- diphenylmethane di-isocyanates) and generate carbon dioxide 
gas leading to increased porosity in the cured mouldings. The complete 
system is termed, inter-penetrating thickening process (ITP)[38]. The 
system takes few hours rather than days and subsequently remains stable 
for a year or more. 
ii) Physical thickening- a recently introduced technique for thickening of 
SMC UPR, involves a physical process[39]. A crystalline thermoplastic 
polyester resin is blended with appropriate styrenated polyesters in warm 
conditions (50-60°C). When cooled to ambient temperature, the solution· 
crystallises and the liquid polyester resin becomes encapsulated in a 
crystalline network: tack-free compositions are thus formed in a very 
short time. The main problem with these systems is that at the "melt" and 
the moulding temperatures the comparative viscosity is considerably 
lower than chemically matured system (this can lead to voids and poor 
mould fillings). However this system can be used with a wide range of 
resins and fillers, being insensitive to moisture, relatively consistent and 
predictable, (ie. factors of advantage over chemically thickened system). 
19 
2.5 ParticuIate Fillers 
A major proportion of most DMC compositions is composed of finely 
powdered inorganic fillers, usually at an average particle size range of 1 to 
5 Ilm. 
The initial purpose of incorporating a filler into a polymer was often to 
cheapen the product and occasionally to modify or enhance an improved 
property of the unfilled compound. This technique was used by Hancock 
in 1840 when he added a large quantity of talc to unvulcanised rubber to 
overcome the handling difficulties associated with the mastication 
process[40]. Subsequently investigations of the effect of fillers as 
compounding ingredients in industrial compositions showed that 
although some properties were poorer, others were unexpectedly 
improved, and interest was turned towards the nature of the filler and its 
interaction with the matrix material. 
The filler has been found necessary to enable the resin system to flow and 
distribute the reinforcing fibres throughout the mould during flow[41]. 
This is critical, since the viscosity of the compound is greatly reduced at 
the moulding temperature. The viscosity decrease may cause the glass 
strands to agglomerate, creating a heavily rippled surface, flow lines, and 
variable strength properties. 
There are ,a number of other reasons why fillers are ,n'important 
ingredients in DMC. As well as reducing cost, they reduce temperature rise 
during cure (ie. exothermic control), reduce shrinkage and associated 
cracking, improve surface finish of moulded parts, increase modulus and 
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hardness, improve rheological properties, and in some system improve 
flame, fire and smoke properties[42,43]. 
The choice of filler is a compromise between a cost, performance of the 
composite, and surface appearance. The properties which can be defined 
for an ideal filler in polyester DMC[44] may be listed as: 
Low specific gravity 
Definable chemical composition 
Purity 
White in colour 
Wide particle size distribution (1-20 Jl) 
With a mean distribution around (5 Jl) 
Low oil-absorption 
Non abrasive 
Low cost 
Readily available. 
2.5.1 Particle Size and Distribution 
Han and Lam[45], investigated the effect of particulate calcium carbonate 
filler (CaC03) on the rheological behaviour of uncured UPR, found that· 
the viscosity of a suspension was increased as either the particulate 
concentration was increased or the size of particu1ate became smaller. Also 
that concentrated suspension of UPR with CaC03 exhibited shear-thinning 
behaviour. These observations are in agreement with those reported 
elsewhere in the Iiterature[46,47]. 
Inorganic fillers in a fibre reinforced plastics (FRP) formulation are 
classified according to their particle sizes ie. coarse or fine. Coarse fillers 
have average particle size of 8 microns or larger. More specifically, they are 
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nonplatey or nonfibrous type which have low surface areas, low oil-
~"<l 
absorption, are easily ~t'by resins, can be employed at high loading, 
provide poor compound cohesiveness and localised resin-rich pockets, 
and tend to increase fibre agglomeration during moulding. Large particle 
size also causes filtering in the fibrous glass reinforcement and the large 
voids. Examples of fillers include calcium carbonate, aluminium silicate, 
calcium metasilicate, silica, and coarse talcs. 
Fine fillers have average particle size of 5 microns or less. These fillers are 
generally have high oil-absorption and high surface area, induce high 
viscosities in formulations, provide a high order of cohesiveness, reduce 
the effect of heating upon the plasticity of the compound during 
moulding, provide lubricity during mixing and moulding, aid in reducing 
fibre agglomeration, and reduce localised shrinkages caused by a more 
uniform distribution of fillers. Example of these types of fillers include 
kaolin (china clay), aluminium silicate, fine mica, fine talc, and 
precipitated calcium carbonate. Table 2.3 shows some typical organic filler 
characteristics used in FRP[48]. 
2.5.2 On-absorption 
"Oil-absorption" is the quantity of oil (usually alkali-refined linseed oil) 
that is required to wet a certain weight of a particular filler to form a stiff 
putty like paste that does not break or separate[49]. The value is an index to 
easy flow and dispersion characteristics of a filler. Low on-absorption 
fillers (e.g 10-25g oil per lOOg filler) disperse easily, allow high loadings 
with acceptable flow. High oil-absorption fillers (e.g 4O-8Og per lOOg filler) 
give limited filler loading and some are difficult to disperse. Table 2.4 
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SPHERE CUBE BLOCK FLAKE FIBRE 
ASPECT RATIO 1 1 1 -1 0 10-100 1 0-00 
LENGTH 1 1 1.4-4.0 1 1 
WIDTH 1 1 1 Sl SO.l 
THICKNESS 1 ' 1 Sl 0.25-0.01 sO.l 
SURFACE AREA GENERALLY THEORETICAL RATIO INCREASING 
TOVOLUME· 
EXAMPLE GIBe ads Calcite Calcite Kaolin Short 
G/Fibre 
Silica Mica Wollastonite 
Talc Asbestos 
Alumina Wood flour 
Graphite 
(Assuming same weight and density) 
Table 2.3: Filler Characteristics 
Filler Type Specific 011 Adsorption Packing Ratio 
Gravity (10-25g 011 
(g/cm 3 ) per100g filler) 
Talc 2.90 50 60.9 
Precipitated CaC03 2.70 45 56.7 
China Clay 2.65 40 43.2 
Calcite 2.70 17 33 
Coated Calcite 2.65 16 30 
Table 2.4: Physical Properties of a Selective Fillers 
shows the significance of filler packing ratio to the amount of oil-
adsorption[36]. 
The low oil-absorption and packing ratios are reflected in the viscosity of 
the filler/resin mix as shown in Figure 2.7. There is a direct inverse 
relationship between packing ratio (ie. as particle size decreases viscosity 
increases) and slurry viscosity. Low oil-absorption characteristic of fillers 
S 
allow higher percentage to be added to the DMC formulations. 
2.5.3 Chemical Compositions 
This is a primary property of fillers and an essential consideration for their 
use particularly in PF.DMC, where possible chemical reactivity is a 
concern. Table 2.5 shows the chemical resistance of a typical filler¥ used in 
the reinforced moulding composition[42]. 
2.5.4 Interactions with Oligomer 
There are at least four ways in which particles and oligomer molecules 
interact, among which the two most relevant interactions are[50]: 
i) Naturally; that is the' filler ',: merely acts as a thickener for the 
continuous phase and the particles as inert fillers. The only overall effects 
is an increase in viscosity. 
ii) Some situatio~, arise where oligoin~r, in the continuous phase can 
> -
cause flocculation of the particles. This "depletion flocculation" arises 
when oligomer molecules, because of their finite size, are excluded from 
the small gap between neighbouring particles. The concentration 
difference thus caused between the bulk and the gap causes an osmotic 
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CHEMICAL DERIVATION TYPES CHEMICAL RESISTANCE 
CLASS AS!B. AI Kll~ !!L-
Salt Mineral C!CO:3 P F water sol 
Oxide Mineral Alumlna G G ---
Silicate Mineral Ca Si, (Wollastonite) P F water sol 
Al2Si3(Kaolinite) G G 
---
Mg SI (Talc) G G ---
K AI Si (Mica) G G ---
Synthetic Glass (micro beads) G P ---
Element Mineral Crystalline Carbon E E 
---
Synthetic Metals P E (P FOR AL) 
Organic Vegetable Coal, Wool, Cork P P Reactive with 
acids & salts 
Table 2.5: Chemical Composition Oassification of Fillers 
Key to Table 
E=excellent, G=good, F= fair, P=poor 
501= soluble 
Salt= product of acids and bases 
AL= aluminium 
Si= silicate 
K= potassium 
Calcium carbonate (chalk, limestone, calcite, and whitings) = CaC03 
Alumlna trihydrate =AI203. 3H20, contains 35% water of hydration (evolved at 140 °C) 
Wollastonite (Calcium metasilicate) - Ca2SiO (47% CaO, 50% SiO and 3% others) 
Kaolin (china clay or hydrated silica of alumina) = A1203' 2H20. (39.5% A1203, 46.5% 
SiO, 13.9% H20) 
Talc (hydrous magnesium silicate) = H20. 3MgO.4SiO. (4.8% H20, 31.7% MgO, 63.5% SiO) 
pressure difference. This results in resin leaving the gap, thus pulling the 
particles together. This in turn means that even more oligomer becomes 
excluded and the effect grows. Eventually the particles are completely 
flocculated. The floc strength of such a system is relatively small. 
Since the floes, by enclosing and thus immobilising some of the 
continuous phase, have the effect of increasing the apparent phase 
volume, this gives a higher viscosity. These forces are proportional to the 
shearing force. This flocculated structures take time to breakdown and 
rebuild. Thixotropic behaviour is usually associated with flocculated 
suspensions of which clay suspensions is the classic example. 
The rebuilding of the flocculated structure is due to Brownian motion, 
and since this increases with decrease in particle size, the rate of 
thixotropic changes is a function of particle size. Systems with large-
particle suspensions (ie. above 8 Il) will break down faster under shearing 
and recovers their viscosity slower than systems of small particle. 
2.5.5 Effects of Coupling Agents (ResinlFiller Interface) 
In addition to particle size and shape, several other factors can greatly 
affect the behaviour of filled system. Especially important factors are 
strength of the adhesive bond between the different phases, the type of 
dispersion and the amount of particle agglomeration. 
The degree of wetting and subsequent adhesion between resin and filler is 
determined by the surface energies of the components[51]. By employing a 
surface coating (ie. suitable coupling or binding or keying agent) it is 
possible to reduce the higher surface energy of the fillers and thus 
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improve dispersibility. With improved dispersibility filler loading can be 
increased at constant DMC viscosity, although this may adversely affect 
the resin/filler interfacial properties. 
Certain silane derivatives used for surface treatment will act as coupling 
agents between inorganic fillers with surface hydroxyl groups and the 
organic matrix. The general formula is[51]: 
R'-Si(OR)3 
in which R' is a functional group, while OR is usually a methoxy or 
ethoxy group in the alkoxysilane type derivatives. As shown schematically 
in Figure 2.8, hydrolysis occurs in the presence of water with the alkoxy 
group splitting off to give alcohols. The hydroxy silane then attaches itself 
to the OH sites on the filler surface. The type of boljnd may vary from 
hydrogen bonding to covalent bonding. There are several methods for 
incorporating the coupling agent into the DMC formulation, ie.: 
a) pre-treatment of the filler, e.g, by tumbling the filler with the coupling. 
agent, 
b) addition to the resin matrix, 
c) addition to the resin/filler mixture during compounding. 
Method a) is a preferred method, since in b) and c) the majority of silane 
does not reach the interface and needs the presence of free silane. Method 
a), although is more expensive, also has the advantage that the conditions 
can be optimised for their attachment to the inorganic filler surface as well 
as reduce subsequent oil-absorption, and protecting filler surface from 
microflaws which initiated failure. 
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Figure 2.8: The Action of Coupling Agents on Fillers. 
Various methods such as infrared spectroscopy, electron microscopy, 
solvent etching, relaxation methods (mechanical, dielectric and NMR), 
sorption measurements, and others have been used to study of resin 
adhesion to the filler surfaces[52-54]. 
Petrovic and Stojakovic[55], found no direct proof (by optical or electron 
microscopy) of the existence of a interfacial layer between CaC03 and epoxy 
resin. However they observed that the particle surface of the broken 
samples were covered with the resin. They used Tg measurements to 
study the existing interactions. Their hypothesis was that adhesion forces 
greater than cohesion forces would produce increase of Tg and vice versa. 
Ishida[56], argued that if the interfacial structure is qualitatively linked 
with the mechanical and physical behaviour of composites, then their 
performance may be predicted and controlled. 
2.5.6 Sintering 
Sintering has been described as a process in which a compact of a 
crystalline or non-crystalline powder is heat-treated to form a single, 
coherent solid[57]. In sample preparation to examine fibre orientation a 
technique was devised in which uncuriPF.DMC was muffle fumaced at 
600°C leaving a ceramic-like plaque. In general, three types of sintering 
process are important ie. vitrification, liquid phase, and solid state 
sintering. 
The important variable in the sintering process are: 
a) processing temperature, 
b) time spent at each stage of the process, 
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c) composition of the system, including additives and atmosphere, 
d) processing pressure. 
Greskovich and Lay[58], suggested, as shown in Figure 2.9, that first neck 
growth occurs between particles of different size. Neck growth continues 
until the neck is no longer the region of minimum cross-sectional area. 
The grain boundary is then free to move and will migrate rapidly (Figure 
2.9C) through the smaller particle leaving a single layer particle (Figure 
2.9D). Figure 2.10 illustrates how this mechanism could result in the 
chain-like structure often observed. They suggested that this mechanism 
would be the primary means of grain growth until densification led to the 
space-filling microstructure typical of the final sintering stage. 
v Qualitative mechanism of grain growth in porops compacts: (1) Particles 
of slightly different size in contact (2) neck growth between contacting 
particles, grain boundary migrating away from contact plane, and (3) grain 
growth. 
2.6 Fibre Reinforcements 
The main functions of fibres in DMCs are to provide high strength and 
modulus, providing resistance to breaking and bending when load is 
applied. Prerequisites for these functions are good dispersion (ie. random, 
uniform, and without agglomerates) in the matrix and proper wetting by 
the matrix resin. 
When the matrix is stressed by an application of load the longitudinal 
tensile stresses which arise in the matrix are transferred to the fibres by the 
shearing stresses in the matrix at the interface. Ideally fibres should resist 
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Figure 2.10: Chain Link Structure of Particles. 
the strain developed and a much higher stress is transferred to the fibres 
from the matrix. Fibres can carry much higher loads than matrix. The 
matrix is reinforced by means of this mechanism. 
Areas near the fibre ends are ineffective in transmitting the load from the 
matrix to the fibres because fibre ends are capable only of carrying small 
loads. This results in stress concentrations in the matrix around fibre ends. 
Richardson has illustrated the stress variations which occur in the 
ineffective end portions of short fibres, as represented in Figure 2.11[59]. 
The stress bearing ability of a fibre improves towards the middle of the 
fibre until a maximum is reached at a certain fibre length. Conversely the 
matrix surrounding the middle portion of a fibre is least stressed. The 
stresses increase towards the fibre ends where stress transfer is limited. 
As the fibre content increases or the fibre length increases the low stressed 
areas in the matrix begin to overlap with highly stressed areas (at fibre 
ends). This effect is called additive strain reinforcement[60] and has been 
demonstrated in Figure 2.12. For the best reinforcing effect the fibres must. 
be close enough so that stresses can be transmitted from fibre to fibre 
through the low stress areas of the matrix. 
The minimum length needed by a fibre to carry its maximum load is 
called the critical fibre length Le. The Le for a particular system has a 
relationship with the modulii of the fibre and matrix, the tensile strength 
and diameter of the fibre, the strength of the interfacial bond and the shear 
strength of the matrix[59]. The Le ean be given as: 
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Figure 2.12: Additive Strain Reinforcement. 
D= diameter of fibre 
DTf 
Le= 2A 
T f= tensile strength of fibre 
A= the yield strength of matrix in shear or the fibre-matrix interfacial 
shear strength. 
In conventional, commercial UPR DMC, reinforcement above 30% (wt%) 
is not practical unless solvents (ie. thinners) are employed, and little if any 
improvement in impact strength and other properties is observed by 
raising the reinforcement from 20% to 30%[60]. Quite strong materials are 
obtained with reinforcements as low as 10%. A disadvantages', however, of 
, 
doughs containing less than about 20% glass is a tendency of warpage in 
mouldings, particularly in flat sections. 
2.6.1 Type of Fibres 
Fibres can be divided into three categories: 
a) Exotic fibres (e.g carbon, and aramid fibres) 
b) General purpose fibres ( e.g glass fibres) 
c) Lower performance fibres (e.g wollastonite fibres) 
There are several inherent characteristics of glass fibres which make them 
ideal reinforcements. For example, glass fibres have: 
High tensile strength to weight ratio 
Perfect elasticity 
Good thermal properties 
Excellent moisture resistance 
Excellent dimensional stability 
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Excellent corrosion resistance 
Excellent electrical characteristics 
Low cost. 
Most UPR DMC compositions make use of chopped glass fibre for 
reinforcement. The "E" glass composition is by far the major type of glass 
produced in continuous filaments. It is based on the alumina-borosilicate 
glass. Typical composition and common physical properties are shown in 
Tables 6[61} & 7[621. 
2.6.2 Manufacturing Process 
Figure 2.13 is a schematic showing a typical production line in the 
manufacturers of glass fibre. Single glass filaments are easily damaged 
through self-abrasion and mechanical damage during compounding (ie. 
attrition). To minimise these effects a "size" (an aqueous polymer 
emulsion of approximately 10 wt% solid content) is applied to each 
filaments just below the bushing[611. Below the sizing applicator, 
filaments are gathered into a bundle, called a strand, by means of a . 
gathering shoe, which then passes to a winder where it is wound onto a 
cardboard forming tube referred to as "cake". The cake is dried in oven to 
remove the solvent or water associated with the size application. 
Glass fibres are supplied in a variety of forms, including continuous 
strands (for filament winding), chopped strands of various lengths (for 
moulding compounds), non-woven mats (for hand lay-up moulding) and 
woven fabrics. In general a 6mm chopped strand glass fibre is used for the 
manufacturing of DMC. 
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Component %Wt 
SiO 55 
AI203 15 
CaO,MgO 22 
820 7 
Na20, K20 0.8 
Table 2.6: Major Constituents in "E" Type Glass Fibres 
Properties 
Composition 
Length (mm) 
Diameter (Ilm) 
Aspect ratio UD 
Specific gravity (g/cm3) 
Hardness (Mohs) 
Surface properties 
Young modulus (GPa) 
Tensile strength (GPa) 
E-glass 
Borosilicate glass 
3.2 - 10 
10-14 
320 - 1000 
2.60 - 2.65 
5.5- 6 
Can be silane coated 
77 
3.9 
Table 2.7: Properties of "F' Glass Type Short Glass Fibres 
Cl ... Feed 
Platinum Bush1nc 
Fllament Coolin& 
CJ Size AppUcator 
Figure 2.13: The Glass Fibre Manufacturing Process. 
2.6.3 Type of Size 
There are two fundamental types of binders or sizes that are applied to 
glass fibre rovings. A soluble size which are thermoplastics, like polyvinyl 
acetate (referred to as low integrity fibres), and insoluble sizes which 
contain a thermoset film forming component such as epoxy (referred to as 
high integrity fibres). Composites containing glass fibres with insoluble 
sizes tend to have higher impact strength and less brittle fracture 
characteristics[23]. Strand integrity is the ability of the constituent fibres to 
hold together. Obviously high integrity strands are necessary when mixing 
DMC to avoid filamentisation (separation) of fibres. 
2.6.4 Silane Coupling Agents 
In a polymer cOmposite, the function of the low strength polymer matrix 
is to transfer stress to the glass fibre reinforcement which then carries 
most of the load. Since stress is essentially transferred in shear through the 
interface, good and uniform adhesion of the polymer matrix to the 
reinforcement is essential. In the presence of water, some of the 
reinforcing action of the glass is lost due to water weakening (e.g by . 
substituted hydrogen bonding) or destroying the bond required to transfer 
the stress from matrix to glass. Silane coupling agents have demonstrated 
the ability to produce a bond of good initial strength and good retention of 
strength after severe wet ageing. This component of the size has been 
assumed to be the most important. 
Coupling agents used on glass are nearly all trimethoxy complex silanes. 
These are always hydrolysed during the size preparation. It is though\;that 
the silanols so produced react with silanol groups present on the glass 
31 
surface to form siloxane groups which are much more resistant to further 
hydrolytic attack[63], as represented in Figure 2.14. 
The group X is chosen so that it is reactive with the particular types of 
organic matrix being used. It can be seen that the silane effectively extends 
the silicate network and migration of metallic cations into the aqueous 
phase can still occur. 
2.7 Phenolic Moulding Compounds 
2.7.1 Historical Background 
Synthetic resin reinforced moulding compositions date back to Baekeland 
and the invention of commercial grades of phenol-formaldehyde resins. 
Moulding pure phenolic resin (both novolak and resol PF resins), without 
fillers is almost impossible, since their curing, is by a condensation 
reaction at 140-200°C (typical moulding temperature) involving the 
generation of vola tiles (mainly water and unreaeted free formaldehyde): 
the resulting strength, especially impact, is poor. Therefore by combining 
the resin, usually novolak, with hexa, wood flour or other reinforcing. 
fillers, pigments and other additives, the compounds are "B" staged (ie. 
the "A" stage by conversion of monomers to oligomers) and could be 
made to mouldable thermosetting material with reduced effects of 
reaction volatiles and improved control of viscosity. 
The resulting composition yields an acceptable moulding by employing 
high pressure and mould "breathing" techniques to minimise porosity 
and obtain goo~urface finish[2]. The moulded parts exhibited high 
temperature, flaiJ(e, and chemical resistance, high hardness and retention 
/ 
of modulus at elevated temperature. 
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Phenol-formaldehyde (PF) mouldings have been used in many 
applications in electrical industry for example, as instrument cases, knobs, 
handles and telephones. In some of these applications they have now been 
replaced by urea-form aldehydes (UF), melamine-formaldehydes (UF), 
alkyds; over the last 25 years thermoplastics have been used with the 
requirement for bright colours or in some cases the need to produce 
tougher products. In the car industry PF mouldings are used in fuse-box 
covers, distributor heads, exhaust shields and in other applications where 
good electrical insulation together with good heat resistance are required. 
Probably the first resol phenolic based composition using sisal 
reinforcement was made in the late 1950's [64]. Compression moulding of 
'these compositions yielded satisfactory products. However, there were 
several disadvantages which in comparison to polyester compositions 
discouraged its further developments. These included: 
a) emission of volatile condensate products during moulding including 
irritant free formaldehyde and water, 
b) lack of choice in colour; limits to black and dark colours, specially brown 
(ie. due to quinone methides formation during heat curing above 
160"C), 
1 c) mould corrosion due to the acidic nature of the PF resol resin, 
d) poor surface finish. 
Today these heat resisting materials are widely used as moulding powders, 
laminating resins, casting resins, as binders and impregnates, in surface 
coatings and adhesives and in other applications[65]. 
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Until the late 1970's, most efforts were made on the improvement of 
physical and chemical characteristics of the phenolic resins rather than of 
DMC or SMC compositions. In case of resol phenolic resin, these included; 
reactivity, stability, structure, cure accelerator, free phenol and 
formaldehyde content, lighter colour, and new methods of improved 
resin production[66-69]. It could be argued that the availability of 
sophisticated chemical analysis equipment, allowed phenolic chemists to 
have a better understanding of structure/properties relationship of the 
uncured and cured resins. 
In the late 70's, and specially the early SO's, due to several fire tragedres in 
the UK (e.g London's Kings Cross underground station and HMS Sheffield 
during the Falkland Islands War, where many died as a result of fire and 
particularly toxic fumes inhalation), renewed a demand for materials of 
improved performance in fire situation, yet having similar over all 
properties comparative to polyester DMC and SMC. 
A combination of fire resistance and low smoke emission properties of the . 
PF are the main two reasons for the replacement of UPRSMC and DMC in 
many glass fibre reinforced products. To this ends London Transport 
Underground service, specified PF.SMC in the manufacture of the shells 
of passenger seating. ~(Comparative smoke curv~/for epoxy, polyester and 
phenolic resin in Figure 2.15 shows the advantage of phenolic resin over 
other thermosetting resins for use as fibre reinforced composites[9]. 
An analysis of air crashes concludes that a third of deaths from potentially 
survivable airliner impacts resulted in death from fire, most death being 
the result of toxic gases and smoke particles emitted by burning plastics in 
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the passenger cabin[70). To meet these various tests, materials such as 
polyesters, epoxies, have been used but heavily filled with chlorinated, 
brominated or antimony compounds. These compounds greatly reduce 
burning but in doing~~mit toxic gases. 
~ 
Thermogravimetric analysis used in kinetic studies on phenolic resin 
weight loss during pyrolysis, showed that in the first phase of 
decomposition, random chain scission begins at 300-350°C and continues 
through ca 600°C. By-products are largely water, carbon monoxide, carbon 
dioxide, phenols, and alkyl phenols. The second stage begins at 600°C, with 
evolution of carbon dioxide, water, methane, aromatic hyrocarbons, and 
phenols[3). In many oxidative fire situation PPs burn to carbon chars. 
2.7.2 Particu1ate Fillers 
The addition of particulate filler to a PP resol or novolak to produce a 
satisfactory moulding material was one of Baekeland's pioneer 
contributions[2). He introduced two techniques for overcoming the 
difficulties previously experienced in moulding phenolics, ie. the use of a . 
filler, such as wood flour, to reduce brittleness and the controlled 
application of heat and pressure for effective moulding and cure. 
The properties of phenolics are affected by a filler through; 
a) the probable formation of physical and chemical bonds at the surface of 
the filler, 
b) absorptive effects (ie. surface chemistry) on the mechanism of 
polymerisation and cure (thus either higher or lower local cross-linking 
density), 
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cl the possibility of internal structure induced by the presence of fillers, 
d) short order changes and introduction of micro-heterogeneity and 
impurities such as air. 
Some of the particulate fillers used in the UPR.DMC can also be employed 
in PF.DMC. However, fillers which effect the PF resol's pH to move either 
way from pH 4 (assuming resol will be least reactive at pH 4) will 
accelerate curing rate; this is a factor which can be of advantage during 
moulding cycle but a disadvantage during storage period. A compound 
with a pH value below 4, , '. will also have an increasingly 
damaging effects on moulding tools and requires an especially chrome 
plated moulds. 
2.7.3 Glass Fibre Reinforcements 
Higher strength of phenolic mouldings is achievable by the incorporation 
of reinforcing fillers and fibres. Without reinforcement, a cured phenolic 
matrix is a relatively brittle material. 
2.7.4 Compatibility with Resin 
Mechanical properties of phenolic glass laminates are influenced to a large 
extent by the interfacial properties of the phenolic resin/glass surface. 
Most coupling agent applied on production grades of glass fibre 
reinforcements have been developed to be compatible with UPR and 
epoxy resins. Therefore alternative functional groups are required to 
provide sufficient glass to resin adhesion when reinforcing phenolics[58], 
e.g amino groups, (Figure 2.16). 
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Newer coupling agents are being developed for specific use with 
phenolics. The problem of a resin/glass compatibility is currently under 
discussion between phenolic resin and glass reinforcement manufacturers. 
2.8 RbeolQgical Properties of DMC 
To some extent the composition of the prepolymer or oligomer material 
will determine the properties of the finished product. However, for 
moulding compounds consideration has to be made for suitable 
rheological behaviour for the shaping process. The first problem is to 
define the optimum rheological behaviour in order to achieve satisfactory 
performance in terms of storage, and processing. It should be noted that 
fibre distribution and orientation, both vital factors in determining the 
properties of the product, are decided during processing and are partly 
dependent on the rheological properties of the moulding compounds. 
There is then a need to be able to "design" compounds with the desired 
rheological properties by variation of the resin properties and the 
concentrations and type of fillers, fibres and additives such as chemical 
and physical thickeners. 
In commercial grades of DMC the fibres are typically 6 mm long and they 
are in high concentration in a non-newtonian resin/filler continuous 
phase. This means that in subsequent processing there will be considerable 
interaction between fibres and it is unrealistic to consider one fibre in 
isolation from its neighbours. The desired rheological properties are such 
that: 
a) the material will flow easily to all parts of the mould, 
b) the flow will occur without significant changes in fibre concentration 
and distribution, ie without "wash-out", 
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c) the flow will give an acceptable orientation of the fibre (which will 
determine the mechanical properties of the finished component). 
Due to the fact that several ingredients are involved in the formulation of 
DMC, it is inadvisable to simply determine the bulk rheological behaviour 
of the mixture as a measure for the effect of each ingredient on the system. 
Although this helps to establish the "mouldability" of the material. Too 
high a viscosity may lead to a short shot or prolonged mould filling, 
upsetting the balance between the rates of the flow process and curing 
process. 
The rheological properties of DMC will therefore depend on many factors 
such as: 
i) the properties of the resin phase, 
ii) the concentration and characteristics of the filler(s), interactions 
between ingredients size distribution, particle shape and surface 
properties, 
iii) the concentration and characterisation of the glass fibre. 
Kubota[71], using DSC for characterisation of polyester DMC, showed that 
increasing the filler content while reducing the total quantity of resin, 
decreased the amount of heat generated per unit volume of reacting 
mixture (ie. the final degree of conversion was increased). McGee[72], 
using similar approach, also showed that the degree of temperature 
reduction appears to be independent of filler type and believed that the 
reduction was due primarily to a dilution effect of the filler. 
38 
Riccardi[73], related the processibility of a particulate filled thermosetting 
polymer to the behaviour at the wall of material flowing in a tube. He 
determined that in a filled oligomer, the processibility region increases 
due to dilution effect promoted by the presence of an inert filler. Fry,.et 
al[74] showed that in moulding application with phenolic resin, where the 
lowest porosity is required, it is necessary to increase the resin molecular 
weight, to the point where it will just flow sufficiently under heat and 
pressure to fill the mould cavity. Kubota[79], determined that the level of 
thickening, affects not only the flow properties of moulding compounds, 
. but also, thickening decreases the peak exotherm, (Tp), and heat of curing, 
(Q). 
2.9 Compounding Techniques 
Since the 1950's, development of the manufacturing technology of UPR 
DMC has permitted the rapid production of large quantities of compound, 
which has the consistency and reproduciblity for large consumer markets, 
such as automotive industry and for domestic applications. Commercial 
compounding of DMC is largely by batch methods with only limited use of 
continuous methods. 
In general terms mixing in DMC involves· operations which tend to 
reduce non-uniformities or gradients in composition and properties. 
: Palmgren[75J, has designed four steps of mixing, or compounds ie.: 
i) sub-division, 
ii) incorporation, 
iii) dispersion, and 
iv) simple mixing. 
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"Sub- division"; in which individual components are broken down into 
smaller elements, "incorporation"; in which elements of one component 
become dispersed in the space occupied by other, "dispersion"; in which 
elements of a component assembled in congregations or agglomerates 
become separated or segregated, and "simple mixing"; in which elements 
of a component move towards a random distribution amongst other 
components of a mixture. In an actual mixing process these steps usually 
overlap. 
In practice individual particles are not separated from one another or 
wetted individually by the matrix phase. Instead they are often 
agglomerates made up of many smaller particles. The degree of dispersion, 
the strength of the agglomerates and the orientation of the particles can all 
be important in determining the mechanical and physical properties of the 
composite material. Breakdown of agglomerates will be dependent on 
several factors; including applied shear forces to the mix and viscosity of 
filled matrix during compounding [76]. 
Mixing has been carried out mainly in batch processes although 
continuous process has also been employed. SMC is produced in a semi-
continuous process. Several batch mixers are available, which apart from 
Z-blade mixers and continuous mixing process "extruders"; used mainly 
in this research work, others are briefly outlined. 
2.9.1 Batch Mixing Process 
For many years before the viscosity characteristics of certain types of 
materials were identified as Newtonian or non-Newtonian, double-arm 
mixers, or kneaders, were specified for mixing "pastes, plastic or doughy 
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masses"[77]. Materials were identified by "consistency," which was 
essentially a means to express any material's resistance to shear. The 
higher the "consistency," (viscosity or apparent viscosity) the less likely 
was the material to exhibit any free flow characteristics and a greater need 
to apply substantial mechanical energy in exerting a combination of 
transport, kneading, folding, stretching, compression, and wiping actions 
to obtain a uniform mixture. 
The traditional method of preparation of DMC is to batch mix the 
ingredients in a Z-blade mixer. This mixing process affects the properties 
of the DMC product to the extent that it determines the degree or 
uniformity of mixing of the filler and glass fibres into the resin phase, also 
affects the size distribution of the fibres since these can suffer attrition. 
The choice of double-arm mixer depends on four basic criteria[78]: 
1) physical characteristic of the feed at the beginning of the mixing cycle, 
ii) physical properties of the material and how they change during the 
mixing cycle, 
iij) power requirements, 
Iv) batch size. 
Note: The first and last of these are independent variables. The second and 
third are dependent, with power input a function of the second factor. 
Using viscosity or apparent viscosity, there are five conditions of interest 
in the physical properties of the material, including true viscosity, two 
time-dependent non-Newtonian viscosities and two non-time-dependent, 
non-Newtonian viscosities as represented in Figure 2.17a and 2.17b. 
Newtonian, or true viscosity remains constant regardless of the applied 
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rate of shear, or the time shear applied. The time-dependent apparent 
viscosities include the thixotropic (viscosity decreases with increasing 
shear rate) and the rheopectic (viscosity increases with decreasing shear 
rate), see Figure 2.17a. The non-time-dependent apparent viscosities 
include the Bingham plastics viscosity (where a minimum shear force 
must be applied before flow will start), and the pseudo-plastics (in which 
flow requires progressively smaller increases in shear stress as the rate of 
shear is increased), see Figure 2.17b. 
2.9.1.1 Basic Design of Z-blade Mixers 
i) Basic Design 
Z-blade mixers, or kneaders, get their name from the shape of the two 
mixing blades of employed in the original design. These machines are 
mainly used in baking and rubber compounding industry, having been 
developed and in operation since 1850's[77]. 
In its basic form, Z-blade mixer comprises a rectangular sectioned trough 
curved at the bottom to form a w-shape or two half cylinders. Two 
horizontal, gear driven blades sweep the entire area of their respective half 
cylinder each revolution. They rotate in opposite directions and at 
different speeds (typically 3:1. The blades are either of the tilting or non-
tilting types. The former is recommended for sticky materials that are hard 
to discharge and it is more easily cleaned. A schematic diagram of a Z-
blade mixer and the commonly used blades in double-arm mixers are 
shown in Figure 2.18. There are five basic types of blades that can be used 
depending on the types of ingredients to be mixed(78): the type commonly 
used for the compounding of the DMC is the Sigma blade. 
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ii) Compounding Method 
Typically the slurry of resin and other additives (except glass fibre) is first 
mixed in the Z-blade mixer, until homogeneous mix is achieved. Glass 
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fibre is then added and the mixture is compounded for up to 10 minutes 
after which time the dough is ready for discharge. Very often the dough is 
further consolidated by means of an extruder, (which lies at the bottom of 
the mixer) into a "rope" or small "logs". Note: the more work (or shear) 
on the glass fibre the greater is the attrition and high fibre population 
spread. 
iii) Mechanical Action 
The mechanism of mixing process in the Z-blade mixers as defined by 
William[77] ani as follows: 
a) The material is transported from one end of the tank to the other and 
back again. The agitators are pitched to achieve this end-to-end 
circulation. 
b) The agitators initially knead the material by pressing it against the wall 
of the tank and against contiguous material. The wiping action tends to . 
displace any air, develops shear, and provides fresh interfacial contact. 
c) As the mixer arms rotate, the partially mixed material is continually 
redistributed over the entire tank. 
d) As the mass becomes cohesive, the agitators continually stretch the 
material. The alternating tension and compression to which the 
material is subjected, which occurs at right angles to the other forces 
exerted on it, is also kneading action, and is one of the chief factors in 
working one material into another. 
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e) The stretching material is then folded over on itself and on fresh 
material as the redistribution cycle continues until the whole batch is 
mixed. 
2.9.1.2 Plough-type mixers 
Plough-type mixers(78), has a horizontal, stationary, cylindrical shaped 
mixing chamber. The agitator consists of a horizontal shaft to which are 
attached plough arms in a radial arrangement. The shaft revolves inside 
the chamber, during which time the ploughs move through the material, 
hurling it from the sides of the cylinder into the free space in the upper 
portion of the mixing cylinder. 
2.9.1.3 Planetary Mixers 
DMC has also been reported to be compounded in a planetary mixers(86). 
These are essentially paddle mixers in which the impeller shaft not only 
rotates in the normal way, but also moves in a circular path around the 
vertical centre line of the mixing vessel. A variety of types of agitator are 
available, and the selection is based on experience rather than scientific . 
principle. Methods 2.9.1.2 and 2.9.1.3 are not as popular as Z-blade mixers 
for compounding of DMC. Planetary mixers may permit compounding 
under vacuum, to minimise entraped air into the DMC. 
2.9.2 Semi-continuous Mixing Process 
DMCs are also made by a special technique which so far have gained little 
acceptance. Glass rovings are passed through the resin/filler slurry, and 
the amount of slurry picked up is metered by means of circular die 
("bush"). The impregnated roving is than chopped in short lengths with a 
circular chopper. With this technique a chemically thickened slurry is 
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used. The integrity of glass fibre is preserved and the mechanical strength 
of the cured mouldings are higher than DMC but lower than SMC. 
SMCs can be produced in this type of process. In making SMC, the paste 
which consist of the resin, thickening agent, filler, and other additives, 
prepared on a batch mixer just before being introduced to the reservoirs of 
blade coaters on the SMC machine, as shown in Figure 2.19. The paste is 
then coated onto one face of each of two polyethylene carrier films. 
Roving glass fibre is chopped to 25mm lengths directly above one film and 
allowed to fall in a random pattern on the paste. The second film is then 
applied on top of the chopped roving and the sandwich conveyed through 
kneading rolls to work the resin and force the paste to penetrate 
completely into and unifonnly distribute itself within the bed of rovings. 
The film leaving the SMC machine is then wound up as rolls[15]. 
2.9.3 Continuous Mixing Process 
The use of compounding extruders has been reported for compounding of 
thennosetting compounds e.g DMC[89]. However, this was not developed 
further because of the process cost consideration for what was then a low 
volume production requirements of DMC and the inability to control the 
fibre length population and orientation in the material. 
The first extruder employed to manufacture PF moulding powders 
(novolaks) was in 1957[80]. A single screw extruder with especially 
designed teeth inserted in the barrel wall, resulted in products of increased 
mechanical properties as compared to compounding with two roll mills. 
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Most polymer extruders incorporate either a single screw or twin screw in 
a horizontal cylindrical barrel with an entry port mounted over one end 
and a shaping die mounted at the discharge end, as seen in Figure 2.20. 
The raw material in any extruder is conveyed from the feed port to the die. 
On the way it is heated to the required plastification temperature both by 
external heating elements and by internal shearing is further mixed and 
finally extruded from the die by the pressure which is generated in the 
screw channel. 
2.9.3.1 Mixing Requirements 
. With mixing process a distinction is made between, i) extensive and ii) 
intensive mixing effects[78]. 
In extensive mixing, the material is constantly changes in flow direction, 
so that each particle moves sometimes on the surface and sometimes in 
the body of the mass of material. The surface of the mass is constantly 
renewed and after a certain time a more or less even statistical distribution. 
of all components is achieved, (e.g as in the Z-blade mixer). 
In intensive mixing, the adjacent layers of material have different speeds, 
ie. there is a velocity gradient or shear rate between them. Apart from the 
actual mixing effect, due to displacement of layers with respect to one 
another, particles are broken down by friction, especially in highly viscous 
materials. 
Both types of mixing effects are coupled in single-screw extruder, where 
the shearing of the material in the shallow screw channels produces 
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intensive mixing and the transverse and pressure flows provide extensive 
mixing. However the intensive mixing effect of the multi-screw extruder 
is more pronounced than that of single-screw extruder. The shear rate 
between the flights of the intermeshing screw varies inversely with the 
separation of the flights and increasing with the screw speed. 
The mechanism involved in continuous extrusion compounding 
operations is to combine the constituent materials in controlled ratios and 
induce physical motion to the composition in such a way that mixing 
occurs. Figure 2.21 and 2.22 represents the interactions of the different 
variables involved in the twin-screw extruder in steady and dynamic 
operations respectively[81]. With highly filled thermoplastics 
formulations it is desirable to achieve a high level of dispersive mixing, 
involving agglomerate breakdown, by exposing the mixture to high shear 
stresses developed in the polymer through the application of mechanical 
energy. The overall quality of mixture produced is very dependent on both 
the design of mixing equipment and compounding conditions employed. 
2.9.3.2 Types of Twin-Screw Extruders 
There are four basic types of twin-screw extruders, of which three are 
available commercially, including co-rotating and counter-rotating 
intermeshing twin screw, are the non-intermeshing twin screws used only 
with counter-rotation. A distinction is made between fully intermeshing 
and partially intermeshing systems and between open- and closed-
chamber types, as shown in Figure 2.23[82]. 
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The major difference between a single screw extruder and a closely 
intermeshing twin-screw extruder is the forced displacement in the latter. 
In a single-screw extruder three kinds of flow can be distinguished in the 
pump zone[83,84]. 
i) a drag flow, producing a forward component in the flow resulting 
from the velocity difference between barrel and screw, 
ii) a pressure flow, generally in the form of a return flow as a result of the 
pressure generation at the die, and 
iii) a leakage flow over the flight of the screw. Throughput of the pump 
zone can be expressed as the difference between the drag flow and the 
pressure flow. 
In the pump zone of a closely intermeshing co-rotating twin screw 
extruder situation is different, (see Figure 2.24). 
i) the main driving force is a positive displacement action (about 90% 
efficient). The C-shaped chambers transport the material from hopper. 
to die by rotation of screws, 
ii) the back flow consists of leakages through four distinct gaps, a flight 
leak that is similar to that in a single screw extruder, a calender leak, a 
side leak and a tetrahedron leak, all with their own characteristics, 
iii) the drag flow and pressure flow in the channel on the other hand are 
limited to the chamber of a twin screw extruder. They contribute an 
extra pressure build-up over the tangential length of a chamber and 
their influence on the throughput of the pump zone is limited to the 
effect on the various leakage flows. 
48 
(a) 
(b) 
Figure 2.24: 
transport direction 
• 
(c) 
a) Leakage Gaps In an Intermeshlng Twin Screw 
b) Self-wiping Co-rotating Screws 
c) Cross Sectional Profiles of Co-rotating Screws 
Therefore, in single-screw extruders the main operating mechanism 
consist of the drag flow and the pressure flow in the channel, where the 
leakage flow is only a second order effect. In intermeshing twin-screw 
extruders on the other hand, the working is governed by the positive 
displacement action (capable of conveying polymers of very high or very 
low viscosity and of widely different coefficients of friction on metal 
surfaces with comparable efficiency) and the leakage flows, where as the 
drag flow and the pressure flow can be considered second-order effects. 
Other advantages in compounding of composite materials with twin-
screw extruder includes[851: 
i) the ease of feeding difficult materials without the need for forced-feed 
units necessary on a single-screw extruder when handling certain 
mixtures, 
ii) simpler downstream feeding which reduces the high rate of wear in 
the feed zone (reduction in the problems of adding high filler contents 
of materials such as glass fibre), also lower circumferential screw speeds . 
which is a major factor in wear reduction, 
iii) starve feeding capability, so that optimum conditions are obtained for 
venting without problems of material leakage, and 
iv) intensification of mixing and control of shear can be effected at any 
section along the length of the barrel using a variety of different 
shearing and mixing devices. 
Because of the many alternative operating systems and sequences possible 
in designing intermeshing twin screws, development of theory has lagged 
behind the theory for single-screw extruder design. The reason is that the 
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working medium is contained in a number of separate closed spaces, and 
integration of the flow mechanism, mixing effect, and power 
transformation is not directly possible. 
2.9.3.4 Pressure-throughput Characteristics 
Because of continuity, the actual throughput of both single-screw and 
twin-screw extruders is determined by the filling process at the hopper. 
Consequently the pressure dependence of the output in an extruder is 
determined mainly by the mechanism by which information about die 
pressure is transmitted back to the feed zone. In a single-screw extruder a 
continuous solid bed exists that may transmit pressure back from the die 
to the hopper end of the extruder; the filling process and therefore the 
actual throughput is dependent on die pressure. In closely intermission 
twin-screw extruders this bed is essentially broken by the flights of other 
screws. Therefore no pressure transmission can occur and the throughput 
is, within the limits of reasonable operation, independent of the die 
pressure[86]. 
2.9.3.5 Shear Distributions in Various Extruders 
Shear is an important consideration in the choice of an extruder. Exposure 
to shear will achieve dispersion in the material and possibly also prevent 
reagglomeration of heterogeneous materials. Shear however, also gives 
rise to thermal inhomogenieties owing to viscous dissipation and 
sensitive materials will be subjected to thermal and mechanical damage. 
To compare the average shear in various types of extruders the positive 
displacement action is considered. Figure 2.25 shows that closely 
intermeshing counter-rotating twin-screw extruders have virtually no 
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neat back leakage in the channel, which means that the positive 
displacement efficiency is very high. In closely intermeshing co-rotating 
twin-screw extruders the leakage gaps are larger, thus diminishing the 
positive displacement action. This is particularly so in self-wiping co-
rotating twin-screw extruders. For single-screw extruders positive 
conveying action with a given back pressure is very small because of the 
unrestricted continuous channel. Since in general the channel depth at 
comparable screw diameters also decreases when going from closely 
intermeshing to single screw extruders for comparable output rates, then 
both single-screw and self-wiping extruders must operate at much higher 
rotational speeds than closely intermeshing co-rotating and counter-
rotating machines. The lack of narrow clearances, responsible for the 
lower positive displacement action, high rotation rates may be employed 
in self-wiping twin-screw and in Single-screw extruders compared with 
closely intermeshing twin-screw extruders. Therefore the average shear 
rates will be highest in single-screw extruders, and will be successively 
lower with self-wiping, closely intermeshing co-rotating and counter-
rotating geometries [86]. 
2.9.3.6 Extruder Effect on Glass Fibre 
Twin screw extruders have been employed for compounding of glass fibre 
reinforced thermoplastics since 1960's[87]. The full potential reinforcement 
offered by the use of high modulus and brittle fibres is never reached in 
commercial products because of the methods used to incorporate the fibres 
into the polymer. Various methods of feeding glass fibre to an extruder 
have been reported[88]: 
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i) as a glass/polymer premix at the feed point, 
ii) as separate polymer and chopped glass streams fed into the extruder 
feed point, 
ill) through a side feeder arranged do~ steam to feed chopped glass into 
the polymer. 
If extrusion process is to be satisfactory two factors have to be examined 
closely. These are dispersive and distributive mlxing[89]. Dispersive 
mixing is considered as the process of fibrillation or filamentation of fibre 
bundles and the resultant degradation or attrition of monofilaments into 
elements of lower aspect ratios. Distributive mixing is regarded as an 
operation employed to increase the randomness of the spatial distribution 
of the fibres in the matrix polymer without changing the ultimate aspect 
ratio of the fibres. 
Three possible mechanism which lead to increased dispersion of the fibres 
during compounding have been postulated[90]: 
i) by mono-filaments bending round the high curvature surface of other 
filaments, 
ii) by the turbulent motion of the polymer, producing sufficient stress in a 
filament to cause tensile fracture, 
iii) by break down of the size between adjacent filaments under conditions 
of high shear, resulting in contact of the high modulus glass surface 
and crack propagation through the filaments. 
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An increase of the glass content in general leads to a decreased in the 
extent of fibre dispersion. The actual distributions indicate an increase in 
the weight of undispersed fibre bundles. 
2.10 MQulding and Cure of PMC 
The processing of DMC like processing of other plastics involves heat and 
pressure. Their processing characteristics depend upon the thermal and 
rheological properties of the moulding compound in a given mould. Of 
these two parameters, the thermal behaviour of thermosettable resins 
during processing is complicated by the exothermic nature of the reaction. 
To mould DMC pressure is used to cause flow and give consolidation in a 
mould cavity, and an elevated temperature to initiate curing of the 
phenolic. The most widely used method for moulding DMC is 
compression moulding. Polyester DMC and SMC have also been 
successfully injection moulded. 
2.10.1 Compression Moulding 
Moulding of reinforced compounds differ from that of conventional 
thermosetting compounds only in the nature of the material. Instead of 
free-flowing powder or neat dry pre-forms, the compound is either a sticky 
fibrous mass (ie. DMC) or a sheet from which a polyethylene or polyamide 
( or a blend of both) film covering must be first stripped (ie. SMC). The 
DMC must be accurately weighed to ensure mould filling, whilst the SMC 
must be cut to shape. To facilitate the ease of handling DMC the 
compound is sometimes marketed in rope form. Moulding pressure and 
temperatures vary according to type of mould design and material 
composition. Temperature of mould surface are typically between 160°C 
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and 180°C although temperatures within the range of 150°C to 200°C can 
be used[91]. 
Higher pressure is needed when compression moulding phenolics 
compared to polyester DMC (2-15 MN/m2). The higher compression 
pressure is necessary to prevent blistering and other voids in the moulded 
product, due to the vapour pressure of the water and other volatiles 
evolved during the curing process. Pressure also contribute both to a 
shorter cycle time (faster rate of cure) and the superior mechanical 
properties (higher final degree of cure) of moulded compounds. 
2.10.2 Injection Moulding of DMC 
Another comparatively recent development in press moulding has been 
the introduction of injection moulding for DMC. It was a natural outcome 
of the development of thermoset injection moulding machines and 
required only the addition of a forced feed hopper to encourage the 
material into the barrel of the machine. Injection moulding of DMC offers 
the following advantages over the compression moulding[92,93]: 
i) the machine handles and meters the material to the mould and thus 
avoids the often time consuming process of weighing out and placing 
charges of material in the cavities. For this reasons it is a faster process 
particularly for small components and multi-impression moulds, 
ii) it is easier to keep the material free from contaminates, 
iii) flash is reduced, 
iv) it is possible to operate automatically. 
Typically cold barrel and ram feed, rather than screw plasticisation is 
employed to injection mould UPRDMC. A disadvantage of the process is 
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that it degrades the glass fibre and causes a reduction of strength thereby. 
Both screw machines and plunger machines are used, although the latter 
are better because of less shearing and reduced fibre attrition. However 
with modem injection machines, and a careful design considerations of 
non-return valve and gating system, little damage occurred to the glass 
fibre, using standard DMC. The other main disadvantage, depending on 
the application of the moulded part is the orientation which is no longer 
random as in the case of compression moulding of DMC. 
2.10.3 Compression Moulding Process 
The moulding compound is placed in a open mould. When closed, the 
hot mould presses down on the material, causing it to both reduce in 
viscosity <non-homogeneously) and flow throughout the mould. During 
the time the heated mould is closed the thermosetting compound 
undergoes cross-linking that irreversibly hardens it into the shape of the 
mould cavity. Compression moulding of phenolics also involves 
"breathing". "Breathing" is a process where some of the water, unreacted 
formaldehyde and other volatiIes released during the condensation. 
reaction, are allowed to escape through the split-line of the mould. This is 
necessary for a void free mouldings with satisfactory surface finish. The 
three compression moulding factors - pressure, temperature and length of 
time the mould closed, vary with the design of the finished product and 
the compound being moulded. The important factors which affect DMC 
moulding processes are[94]: 
i) the composition and rheological properties of the moulding 
compounds, 
ii) the geometry of the mould and stresses which are applied to cause 
flow, and 
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iii) heat transfer and its effect on flow behaviour and the kinetics of 
curing. 
2.10.4 Mould Design 
Mould design is some what specialised for these materia1s[91]. Shrinkage 
and flow are very different from conventional thermosets, and this must 
be taken into account when designing the moulds. 
All DMC and SMC moulds should be chrome plated in order to obtain the 
best possible surfaces on moulded parts and to ensure maximum life to 
the mould surface. Compression moulding of DMC varies only in two 
areas. 
i) Mould Shear Travel 
Figure 2.26 shows a shear edge mould design for moulding of a DMC, that 
allows the entrapped air to escape before pressure is put on the material 
inside the mould cavity. 
ii) Loading Walls 
As the glass content increases in DMC, so does the bulk factor. Bulk factor 
is the ratio of the volume occupied by the bulk material to that required 
for the moulded part. In order to be able to contain the moulding 
compound in the cavity of the open compression mould, a loading well 
must be included. Figure 2.27 shows the design of a mould for a high glass 
content moulding that includes a loading well. 
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Figure 2.25: Neat-back Flows in Different Types of Extruders. 
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Figure 2.26: Diagram Showing the Shear Edge Design. 
ill.) Surface Effects 
On many surfaces such as released (ie. waxed) moulding surfaces, phenolic 
resins tend to produce surface voids and cavities. This is probably due to 
very high surface tension of the resins, which will be higher than the 
apparent surface free energy of the released mould surface. There is also a 
possibility that phenolic resins are unable to spread upon their own 
absorbed orientated monolayers[lO]. A certain amount of water contained 
in phenolic resins could be always concentrated on the interface with any 
other bodies in the form of mono- or poly-layers. In contact with 
hydrophobic surfaces they would behave like water on such surfaces, ie. 
they would have high contact angles. 
Poor wettability of hydrophobic surfaces by liquid phenolic resins does not 
necessarily mean that the compounds giving these kinds of surfaces, will 
provide good release in cured phenolic DMC production. On the contrary, 
waxes, silicones etc, have been found to have poor release properties. It is 
obvious that chemical compounds of these kinds cannot produce 
completely coherent layers. So the methylol groups contained in liquid. 
phenolic resins can react with a certain percentage of the other active 
groups existing on most mould surfaces, producing very strong covalent 
bonds. In comparison these bonds are much stronger than those formed in 
the demoulding of polyester DMC, which can only form weak second-
order physical bonds. Also water based release agents cannot be used 
because they are easily dissolved in phenolic resins during moulding 
process. 
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2.10.5 Moulding Press Considerations 
Successful compression moulding not only relies on formulation, mould 
design and process conditions but also the type and operation of the 
moulding press. Typically commercial moulding presses are vertical acting 
hydraulic systems, the plattens at which can be heated electrically or by a 
heat transfer fluid, (uniformity of heating channels is crucial). 
Modern designs of moulding press should have complete or some form of 
close loop control, combined with parallelism in its plattens to ensure 
uniformity of closure of the mould and good slit-line control. Close loop 
control should permit the choice of mould closure rates, pressure 
development in the mould tool or control of the flow front rates in the 
compound itself. Such control improves surface finish and reduces surface 
porosity. To some extent close loop injection moulding of DMC materials 
already provides flow front rate control. 
2.11 Influence of Compounding and Moulding on Fibre Length and 
Orientation 
The increasing use of mass-produced fibre reinforced plastics has 
prompted much research into the mechanisms of random fibre 
reinforcement, uses both experimental and theoretical approaches. Mass 
production techniques, for example compression and injection moulding, 
cannot produce aligned short fibre composites. 
Cox[95], in 1952, carried out the original work on random fibre 
reinforcement when he studied the properties of cellulosic paper. He 
concluded that the modulus of an aligned fibrous composite is reduced to 
1/3 of its value by randomising in three dimensions. It would, however, 
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be unwise to relate these results to fibre reinforced polymers since the 
components in the latter have vastly differing strengths and moduli; Cox's 
results take no account of matrix properties. 
Reinforcing fibres become oriented by the flow during processing ie. in 
process equipment and in the mould cavity. The fibre orientation pattern 
in a composite material is a primary feature of the microstructure. The 
composite is stiffer and stronger in the direction of maximum orientation, 
weaker and more compliant in the direction of minimum orientation. By 
controlling the fibre orientation pattern in moulded parts, one can tailor 
the characteristics of the material to suit individual applications. 
Fibre orientation of DMC has been studied through several 
techniques[52,54], some of which includes; X-ray radiography, polishing of 
the surface, chemical etching, microscopic analysis, and by pigmentation of 
the charge which leave streaks representing stream lines or flow fronts 
according to the preparation of the charge. Orientation effects are the 
largest single factor in causing strength variability in mouldings. Several· 
methods have been used for studying the fibre orientation in cured 
mouldings, e.g digitised fibre micrograph, image analysis and microscopy 
[96,97]. 
The fibre length distribution influences the mechanical properties of DMC 
composites. Thus, the average fibre length and fibre length distribution 
provide a reliable method of characterising some of the mechanical 
properties of composites[98]. The orientation of fibres with an aspect ratio, 
in a viscous matrix, is dependent on the resistance to drag forces due to 
differential flow velocities. The forces acting on each reinforcing element 
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produce an angular momentum which is dependent on the aspect ratio 
LID of the fibre and the viscosity of the matrix. The equation below shows 
the rate of change of the angle of orientation in relation to fibre and matrix 
factors[48]. 
.. pCdL4. .2 2 
9 = - 41 <9- a srn 9) 
where: 
9 = orientation factor (angle of orientation) 
p = density of the resin 
I = moment of inertia of the fibre (cylinder) 
C = drag coefficient 
d = diameter of fibre 
L = length of fibre 
The relationship indicates fibre geometry factors are of utmost importance 
in orientation of the fibres as the change in angular momentum is 
proportional to the fourth power of fibre length. Viscosity of matrix will be 
secondary in magnitude to this effect. 
Calow and Wakelin[99], came to the conclusion that high aspect ratio 
fibres would align in the direction of flow much faster than low aspect 
ratio fibres. This is based solely on theoretical considerations. However 
Bums and Gandhi[lOO] have shown this empirically and in practice to 
have some substance. The soluble size systems yielding reinforcing 
elements of high aspect ratio have been shown to be more sensitive to 
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orientation forces than the much lower aspect ratio reinforcing elements 
produced from high integrity insoluble glass types. 
High integrity chopped strand glass fibres have uniform flow 
characteristics with a reduced tendency to preferred orientation. However 
the soluble glass type have a pronounce tendency to form areas of 
preferred orientation resulting in planes of weakness which give rise to 
cracks[23]. 
Addition of glass fibre makes the DMC more viscous and non-Newtonian 
in character, since suspension of non-isotropic particles are known to be 
non-Newtonian. Solutions of rod-like macromolecules are non-
Newtonian in· character because of the balance between the Brownian 
motion forces which randomise the orientation of the particles and the 
particle-fluid drag forces which hinder the randomisation process. In a 
DMC it appears that the two opposing forces are the fibre orientating drag 
force exerted by the fluid and the frictional forces between fibres which 
hinder the orientation process. Such balance is affected by the weight. 
fraction of the fibres and when fibre-fibre interactions increase the fluid 
becomes more shear thinning. 
Frequently, it is possible to qualitatively predict the probable orientation by 
noting that fibres orient parallel to the direction of accelerating flows and 
perpendicular to the direction of decelerating flows as shown in Figure 
228[101]. 
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Figure 2.28: Fibre Orientation In Diverging Dies. 
2.U Characterisation of DMC 
The properties of DMCs may include the measurements of water 
absorption, Tg, fire and smoke tests, electrical resistivity, flexural, impact, 
and tensile properties, etcj details of which can be found 
eIsewhere[102,103]. However, only impact and flexural tests are examined 
in the work described below. 
Work of fracture testing has been adequately described in the 
literature[104]j it gives a measure of the energy absorbed in fracturing a 
specimen. The type of fracture depends on the loading conditions which 
may be in tension, compression, or flexure/shear. 
2.12.1 Impact Strength 
Reinforcing fibres are brittle and if they are used in conjunction with a 
brittle matrix (e.g phenolic or polyester resins) then unexpectedly the 
impact strength is many times greater than the impact strengths of the 
fibres or the matrix. The much higher impact strength of the composite in 
comparison to its component parts is due to the energy required to cause· 
debonding and work done against friction in pulling the fibres out of its 
matrix. Impact strength is higher if the bond between the fibres and the 
matrix is relatively weak. However if the interfacial bond is too strong, 
then cracks will propagate across the matrix and fibres with very little 
energy being absorbed. In short fibre reinforced plastics maximum impact 
strength is achieved when the fibre length is at the critical value. There is 
a conflict therefore between the requirements for maximum tensile 
strength (long fibres and strong interfacial bond) and maximum impact 
strength. 
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There are two modes of failure under impact-brittle or ductile[105]. A 
brittle failure is a low energy process in which a crack initiates and 
propagates before any yielding of the material occurs. In a ductile fracture 
there is yielding, probably localised in the failure region and considerable 
energy is absorbed. Both types of failure may take place in the one 
material. Figure 2.29 shows a typical load-deformation characteristics in 
each mode of failure. 
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Figure 2.29: Possible Modes of Failure of Plastics. 
CHAPTER 3 
MATERIALS & EQUIPMENT 
3.1 Materials 
See Tables 3.1, 3.2,3.3, and 3.4. 
3.2 Equipment 
3.2.1 Characterisation of Raw Materials 
i) Brookfield viscometer 
A Brookfield viscometer (BV), type HB was used for the viscosity 
measurements of phenolic resol resin. The BV was of rotational variety. It 
measures the torque required to rotate an immersed element (the spindle) 
in a fluid. The spindle was driven by a synchronous motor through a 
calibrated spring; the deflection of the spring was indicated by a pointer 
and dial. By utilising a multiple speed transmission and interchangeable 
spindles, a variety of viscosity ranges were measured. 
ii) pH measurements 
A Pye 9418 pH meter was used for the pH measurements of different 
compounds. The samples were placed inside a 30ml glass tube and filled 
with 10 wt% of distilled water. The contents of the tube were shaken and . 
dispersed prior to measurement. 
ill) Differential Scanning Calorimetry (DSC) 
The reaction characteristics of phenolic resin, resin/filler, and DMC 
compound, during cure and after cure were investigated using a Du Pont 
910 Thermal Analyser fitted with a DSC cell (ie. Differential Scanning 
Calorimetry). The calorimetry cell consisted of a constantan disc enclosed 
within a silver heating block and lid (see Figure 3.1). Samples and 
reference pans were positioned on two raised platforms within the cell 
which operated at a constant heating rate. The temperature difference 
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between the two pans was amplified and monitored by the IBM computer, 
with Du Pont software version 3.4, against the sample temperature. 
During this work specimen sizes between 14 ±1mg were scanned from 
room temperature to 350°C, at a heating rate of 10°C/min under nitrogen. 
In DSC an average-temperature circuit measures and controls the 
temperature of sample and reference holders to conform to a 
predetermined time-temperature programme. This temperature is plotted 
on one axis of an x-y recorder. At the same time, a temperature-difference 
circuit compares the temperatures of the sample and reference holders and 
then proportions power to the heater in each holder so that the 
temperatures remain equal (see Figure 3.2). When the sample undergoes a 
thermal transition, the power to the two heaters is adjusted to maintain 
their temperatures, and a signal proportional to the power difference is 
plotted on the second axis of the recorder. The peak exotherm on the 
resulting curve is a direct measure of the heat of transition at cure. 
Iv) Dielectric Analysis (DEA) 
A (DEA) was used for determining the glass transition (Tg) of PF.DMC. A 
sample of PF.DMC (formulation F.1 see Table 4.1) was sent to Dupont 
Limited for testing. The sample was analysed in nitrogen from -100°C to 
350°C, with heating rate of 3°C per minute. A force of 250 newtons (N) was 
applied and the minimum spacing between the parallel plate electrodes 
was 0.15mm. 
Dielectric Analysis measures the two fundamental electrical characteristics 
of a material - Capacitance (C) and conductance (G)- as functions of time, 
temperature and frequency. The technique involves placing a sample 
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between two gold electrodes and exposing it to an alternating electrical 
field. The field is created by applying a sinusoidal voltage to one of the 
electrodes. This produces polarization within the sample, causing 
oscillation. The C and G are dependent upon the ability of ions and dipoles 
to follow an applied oscillating field. They are dependent upon the 
viscosity of the system. In a quantitative way, C and G reflect the viscosity 
of the resin system, first increasing (viscosity decreasing) with temperature 
until the effects of the Mw build up dominate the viscosity. At this point, 
they decrease which viscosity increases. Effects of ionic conduction in 
polymeric media subjected to an alternating electric field are a function of 
the mechanisms for ion transport and as such reflect the viscosity of the 
median, boundary conditions at the electrode surface, size of the ions 
involved, and heterogeneities in the system. In fluids, ions migrate to the 
electrodes and may form an electric double-layer at this surface causing 
electrode polarization. These ions may then diffuse through this layer and 
discharge at the electrode. As the viscosity increases this motion is slowed 
or sometimes blocked altogether. 
v) Gel Permeation Chromatograhpy (GPC) 
A (GPC) was used to determine the number average and weight average 
molecular weight of phenolic resol oligomer. The equipment was 
designed by Polymer Laboratories Ltd. It was calibrated against 5 
polystyrene standards having molecular weights 3500000, 1750000,450000, 
9000 and 1200. The phenolic solution was prepared by dissolving SOmg of 
resin in lOmI of tetrahydrofuran (THF). A mixed gel column (5I1m) was 
used to separate a phenolic sample dissolved to THF. The THF solution 
was injected into the THF solvent flowing through the column at constant 
rate of 1.0ml per minute. The eluded solvent was monitored using a 
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refractive index detector and results were analysed using a BBC 
microcomputer, the results obtained are number average molecular 
weight (Mn), weight average molecular weight (Mw). 
3.2.2 Compounding 
i) Planetary mixing machine 
A two litre Kenwood planetary mixing machine was used for the initial 
compounding of PF.DMC. The planetary mixer was essentially a paddle 
mixer in which the impeller shaft not only rotated in the normal way, but 
also moved in a circular path around the vertical centre line of the mixing 
vessel. From a variety of types of agitator, a flat beater mixing head was 
selected, since this produced the best mixing result. 
ii) Z-blade mixer 
A two litre laboratory scale Baker Perkins Z-blade mixing machine was 
used for compounding and producing a PF.DMC. It comprises a 
rectangular sectioned trough curved at the bottom to form a w-shape or 
two half cylinders. Two horizontal, gear driven blades sweep the entire· 
area of their respective half cylinder each revolution (see Figure 2.18). 
They rotate in opposite directions and at the speed ratio of 60:20 rpm. The 
blades were of tilting design, made for sticky materials that are hard to 
discharge. The blade used for compounding the DMC in this experiments 
was of a Sigma type. The gap between the blades and the chamber was 
modified to 3 mm clearance, thus reducing the extent of fibre attrition. 
iii) Twin screw extruder 
The twin screw extruder employed during the course of this research work 
was an APV (ex. Baker Perkins) MP 2000 series. This is a closely 
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intermeshing self wiping co-rotating twin screw extruder, the principle of 
which has been outlined in Section 2.9.3.2, and the schematic diagram of 
which is shown in Figure 3.1. 
An electrical, gear driven motor rotates the screws inside the barrel. The 
barrel temperature was controlled by five individual band heaters to ±l°C. 
The material inside the barrel moving forward from the feed zone, 
experienced a different shear mixing resulting from the design of the 
screw and temperature of the barrel. Pressure was monitored by means of 
a pressure transducer positioned at the die-head. The output from the 
resin, filler and glass fibre dispensing units into the extruder barrel were 
all calibrated to give a controlled ratio of raw materials for compounding. 
iv) High speed dry blender 
The high speed mixer used during the course of this research for coating of 
the filler particles with silane coupling agents was an 8 litre T.K Fielder 
high speed mixer. Dry Specwhite particulate filler (2 Kg) was charged into 
the mixer chamber. The blade was set to rotate at 3000 rpm and at 23°C for' 
5 minutes. Next the silane coupling agent diluted to 5 wt% in methanol 
was added to the mixer from the top opening. Blending was continued for 
a further 10 minutes after which the filler was then discharged through a 
pneumatic valve into a lower speed cooler mixer. From here the filler 
coated with silane was discharged into a polyethylene bag for storage. 
Three different silane coupling agents namely All00, A1120, and A187 (see 
Table 3.4) were used for coating of fillers. 
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3.2.3 Moulding 
i) Compression press 
A compression press used for moulding the PF.DMC during this 
experiment was a hand operated hydraulic press (ex "Moor" 25 tonne on 
100mm diameter). The electrically heated platens were set for a range of 
temperatures between lSOoC to 200°C in 10°C steps (see Section 2.10.3). 
3.2.4 Characterisation of Compounds 
i) Brabender torque rheometry 
A Brabender torque rheometry was used to assess the viscosity 
characteristics of the filler/resin during compounding in Z-blade mixer. 
The Brabender rheometer was essentially consisted of an electrically 
heated mixing chamber with a capacity of approximately 55cc. The 
chamber enclosed two rotors with variable· speeds from 0-250 rpm. The 
operating conditions were: 
mixing temperature 
rotor speed 
ram weight 
sample charge 
23°C 
60 rpm (similar to that of Z-blade mixer) 
1 kg 
Specwhite (39cc) + J2027 (19.5cc) at 1:1 
Traces with fixed temperature and torque were obtained. 
ii) Rotor Grinder 
For the purpose of studying the fibre orientation effects within the 
extrudates, 1 to 3mm thickness from the surfaces of cured and then 
pyrolysed PF.DMC samples (burned in muffle furnace at 800°C for 5 hours) 
were removed using a motor driven wet rotor grinding technique. This 
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involved careful handling of a fairly fragile samples and occasional 
examination of its surface during polishing, using a low pressure water jet 
until a clear sign of fibre orientation became apparent. 
It should be noted NOT x-ray analysis methods were employed to examine 
fibre orientation in extrudates and cured samples, but samples appeared 
opaque on the photographic plates. Acoustic microscopy was also 
considered. However, work in the department had shown the modulus of 
the glass fibre and filler in UPR.OMC to be similar and therefore 
preventing differentiation and determining orientation. 
3.2.5 Characterisation of Cured Samples 
i) Scanning Electron Microscopy (SEM) 
Scanning electron microscopy, (Cambridge Stereoscan 2A) was employed 
to examine the fracture surface of mechanically tested cured PF.DMC. A 
fine beam of electrons was scanned across the surface of an opaque DMC 
sample to which a light conducting film of gold had been applied by 
evaporation. X-ray photons emitted when the beam hits the specimen· 
were collected to provide a signal necessary in producing images of great 
depth of field and a three-dimensional appearance. 
ii) Impact testing machine 
The impact strength tests of the different OMC formulations were carried 
out on a Rosand Precision Instrumented Falling Weight Impact Tester. 
The impacting probe of 10mm diameter hemispherical head is screwed 
into a force transducer/amplifier assembly, which is guarded and 
measures the force as a function of time as the probe hits the sample 
clamped to the bases of the machine. For accurate triggering of the data-
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capture system during the very short period of impact, the trigger is 
provided with a slotted optc-switch, through which a 'flag' attached to the 
weight passes. The microprocessor system which controls the test cycle 
provides information on force-time data and force-distance data, from 
which peak and failure energies, forces and deflections can be calculated. 
For each mixing batch two samples from six mouldings (ie. 12 samples) 
were tested to obtain a mean average and a standard deviation. Parameters 
which were set before testing commenced are as given below:-
drop height 1 metre 
mass (Kg) 25 
impact speed (m/s) 4.5 
temperature (OC) 19±1 
sweep time (ms) 20 
range (KN) 5 
delay 10 
filter (K Hz) 3 
iii) Tensile testing machine 
The machine used in determining the f1exural strength and f1exural 
modulus of PF.DMC samples, was a JJ L10yd tensile tensometer, Type T-
5002 with a jig specially designed for 3-point bending tests. The span 
employed in the tests was set at 1l0mm and the testing speed carried out at 
6mm/min. The test procedure including samples preparation was 
followed according to ASTM D790-86, with sample size of approximately 
120x15x6 mm (±O.2mm). The force-deflection curve was recorded by the 
equipments "XY" Plotter, Type OP4. The first crack in the surface of the 
sample which was in tension was taken as the failure. 
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The stress is calculated from: 
3FL 
S = 2 b d 2 (1) 
where: 
S = stress in the outer fibres at mid span (N/m2) 
F = load at a given point on the load-deflection curve (N) 
L = support span (m) 
b = width of beam tested (m) 
d = thickness of beam tested (m) 
Similarly, the strain is calculated by: 
S . 6 e d tram = LT (2) 
where: e = deflection at the centre of the sample (mm) .'. 
Also the modulus of elasticity is calculated by: 
E _ Stress 
-Strain (3) 
By substituting (1) and (2) in the above formula (3), 
where: 
E = modulus of elasticity in bending, (N/m2 ) 
m = slope of the tangent to initial straight-line of the load-deflection 
curve, (N/m of deflection). 
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The standard deviation was calculated from the following equation, and 
reported in two significant figures: 
where: 
s = estimated standard deviation 
X = value of single observation 
n = number of observations, and 
X = arithmetic mean of the set of observations 
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Supplier & type Trade Name Manufacturing Remarks 
type 
Borden Cascophen P157 contain methanol 
(PF Resol) pH=8.6 
PA 86 contain water pH=8, 
n=7000, mpa.s 
BP Chemicals Cellobond J2027 
all aQlIllQUS sclulicn 
13% water 
(PF Resol) pHa7.5, n=300 
J2028 pH-7.5, n~3200 
J2039 4% water 
pH=7.5, n=7760 
Scot! Bader Crystic 770 solid crystalline 
(UPRs) 
?GIU'i~ . 
Q)< 
Prestop Novolak no hexamine no hexamine 
(PF Novolak) 
Table 3.1: Types of Resins 
Supplier & type Trade Name Manufacturing Remarks 
type 
ICI Winofil 'S' 0.711 
Calcium Carbonate pH.l0 
Microfine Vansol wollastonite 
Calcium Metasilicate 
Ultracarb US MgO 38%, Ca08% 
Loss ignition 53% 
oil absorptions 40 
particle size=0.1611 
pH.9 
Mica flake type, pH=8 
lE Specwhite SiO 47%, AI20 3 37% 
Kaolin loss ig nition 13% 
oil absorption=42 
% at 211=80 
% at 1011=0.5 
pH.5 at 10% solid 
Kaolin Supreme SiO 47%, AI20 3 37% 
loss ignition 13% 
oil absorption-42 
% at 211=94 
% at 1011=0.2 
pH=9 at 10% solid 
Kaolin Hexafil SiO 56%, AI20 3 29% 
loss ignition 8.6% 
oil absorption=42 
% at 211=75 
% at 1011=4 
oH=9 at 10% solid 
Kaolin Devolite SIO 50%, AI20 3 35% 
loss ignition 13% 
oil absorption=42 
% at 211=30 
% at 1011=25 
oH.7 at 10% solid 
Kaolin Polarite 102A All00 silane coated 
pH=9 at 10% solid 
Kaolin Polestar 200R A 1120 SlIane coated 
SiO 55%, AI20 3 41% 
pH=9 
Croxton + Garry AI20 3 64.9%, SiO 
Alumina Trihydrate 0.02% (ATH) Loss Ignition 34.5% 
oH.l0 
Table 3.2: Types of Particu1ate Fillers 
Supplier & type Trade name Manufacturing Remarks 
type 
Vetrofil E-glass CS308A Soluble size, 6mm 
(grade 1) Chopped strands 
38 Tex, 12 
Vetrotex E- glass P726 Same as above 
(grade 2) SP 406 
(grade 5) E-glass 5112 Same as above 
SP 219 
P\223 Soluble Size, 
Continuous Roving 
In 2400 & 600 Tex 
Fibreglas (OC) E- glass 1617 Soluble size, 6mm 
(grade 3) Chopped strand 
38 Tex, 12 
(grade 4) 1401 Insoluble size, 6mm 
Chopped strand 
T-Glass Fibre E- glass EC0890 Soluble size, 6mm 
(grade 6) Chopped strand 
Table 3.3: Reinforcing Glass Fibres 
Supplier & type Trade Name Manufacturing Remarks 
type 
Union Carbide A1100 a· Aminopropyl 
(Coupling Agents) triethoxy Silane 
A1120 N· J3-(Amino ethyl)·'Y-
aminopropyl 
trimethoxy Silane 
A187 'Y' Glycidoxypropyl 
trimethoxy Silane 
Croxton+Garry Maglite 0 90% min 
(MgO) 
Fisons Benzylamlne SLR 
(Benzylamlne) SLR 
BIP Chemicals Polyester DMC Smm Fibre Length 
(UPR/DMC) 
Potec Chemicals Frekote 
(Mould Release Agent) 
Table 3.4: Miscellaneous Additives 
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Figure 3_1: Schematic Diagram of the Twin Screw Extruder. For 
Compounding Phenolic Dough Moulding Compound. 
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CHAPTER 4 
EXPERIMENTAL 
PRELIMINARY EXPERIMENTAL WORK 
4.1 peyelopment of Basic PRPMC Formulation 
The task of selecting an appropriate material for use in the formulation of 
PF.DMC became easier by the initial detailed review of literature into the 
formulation development of commercially available DMCs, based on 
unsaturated polyester resin (see section 2.4.1). From this understanding a 
similar line of approach was applied for developing a phenolic based 
DMC. Various types of phenolic resins, particulate fillers and reinforcing 
fibres were studied in relation to their functionality, performance and 
their possible interactions within a DMC composite. The intention was to 
develop a simple PF.DMC formulation with which the potential of 
continuous compounding could be examined. 
To keep the formulation as simple as possible, these secondary additives 
usually found in a polyester DMC e.g, lubricant, coupling agents, 
colourant, etc (see Table 2.1) were initially excluded. The aim was to 
minimise the number of variables, thus creating a greater scientific 
understanding of the effect of each of the major constituents during 
compounding, moulding, and on strength properties of the evolved 
PF.DMC. However, since some of these secondary additives appear to play 
an important role in producing successful UPR.DMC, in later work the 
effect of coupling agents and thickening agents on PF.DMC were studied in 
order to establish if these compounds could produce mouldings with 
mechanical properties at least as good as those of UPRDMCs. 
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i) Type of PF resin selected 
The characteristics of DMC in which there is a certain "flexibility" within 
the compound prior moulding (ie. like a bread dough), and the fact that a 
liquid PF resol resin has comparatively lower viscosity (compared to 
molten novolak resins), allows it to wet the filler and fibres more 
effectively. The fact that compounding can be carried out at room 
temperatures, distinguished the choice of a phenolic resol resin (as liquid) 
as a prime candidate for the proposed phenolic DMC. 
Comparing various grades of commercially available PF resol resins, 
Cellobond J2027 (ex BP Chemicals), (designed for use in hand lay-up 
systems with lowest viscosity range) and Cellobond J2039 (highest viscosity 
grade), were chosen for their following advantages with respect to other 
resols, (such as Cascophen P157 and PA 86 (ex Borden), and Norsophen 
1703 (ex CdF Chemie», (see Table 3.1): 
a) low free formaldehyde, 
b) longer or comparable storage time, 
d contains no alcoholic solvent e.g methanol, 
d) can be cured by heat alone, 
e) higher reactivity than its predecessor resins, 
f) almost neutral with pH 7. 
ii) Filler 
1- Proposed properties of a candidate filler 
The choice of a filler was based on the following requirements and 
performance characteristics of particulate fillers in phenolic DMC. In 
general, fillers should: 
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a) be as neutral as possible (ie. with pH at or close to 7); this is an 
important consideration, since a shift from pH 6 in either directions can 
reduce the shelf life of the resols. 
b) have a minimum water absorption; this excludes the use of cellulosic 
fillers such as wood flour. Use of high water absorbing fillers in 
PF.DMC, when moulded in heated press, due to the release of highly 
pressurised entrapped gasses at the breathing cycle, resulted in 
mouldings of a severe structural defects, such as voids, and unacceptable 
surface finish. 
c) be fairly soft; important both during compounding and moulding stages. 
Hard fillers are a contributive factor in glass fibre attrition Ilnd can 
damage the tool surfaces and increase the rate of tool wear. Therefore 
the use of soft fillers are preferred. 
d) exhibit good chemical resistance to both acids and alkalis. 
e) be insoluble in water. 
£) non-reactive with phenolic resin. 
2· Selection of a Particulate Filler 
From the fillers that are generally used in fibre reinforced plastics industry 
(see Table 3.2), calcium carbonate, kaolin, mica, wollastonite, Ultracarb and 
alumina trihydrate were selected. From the above kaolin (china clay) was 
chosen for the DMC formulation, mainly because of its pH and effect on 
shelf-life. Kaolin in this respect with a pH 5.5 compared with other fillers 
(e.g calcium carbonate having pH of ID), and was considered to be 
appropriate. Kaolin also satisfied other requirements listed above. 
Mter compounding, depending on viscosity of resin and the compatibility 
of the glass fibre used, the resultant DMC may be sticky which makes 
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handling and moulding difficult. Kaolin, because of a relatively high oil 
adsorption (40g/100g filler) compared to other fillers, preformed better in 
producing a dry-to-handle DMC and transforming it into a tack free 
compound suitable for easy moulding and better flow of material during 
moulding. 
The insolubility of kaolin compared to CaC03 and wo11astonite are 
particularly important in phenolic DMC where the original resin contain 
some free water (ie. from the oligomerisation stage) and more water will 
be produced during the curing process . 
. The use of rough, angular, and hard particle surfaces of wollastonite 
resulted in fibre "washout" and irregular fibre distribution. The rod-like 
structure of wollastonite and its low packing ratio characteristics are 
assumed to contribute to fibre "washout". The low viscosity resin, unable 
to carry the filler particles moved a head of flow and concentrated mainly 
at corners of the resulting mouldings. Specwhite, Supreme, Hexafil and 
Devolite, all forms of kaolin (see Table 3.2) were selected for use as y: 
particulate fillers in the preliminary studies of the compounding of 
PF.DMC. 
liO Glass Fibre Selection 
DMCs are usually designed for relatively low strength, low cost composite 
applications (e.g compared to SMC). Therefore exotic fibres such as carbon, 
Kevlar and the more expensive grades of glass fibres e.g "S" type fibres can 
not be justified for their high cost. E-glass type fibres were chosen for their 
lower cost and good overall properties (see Table 2.7) as a reinforcement 
for the PF.DMC formulation. 
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As discussed in section 2.7.4, as yet there are no sizing specifically designed 
for use in phenolic resol resins, but the following E-glass fibres were 
supplied with a PF specificed silane coupling agent. Overall six different 
grades of fibres were chosen in determining a glass fibre with a most 
compatible size (see Section 3.3). 
4.1.1 Compounding Ratio 
All DMCs consist essentially of resin, filler and glass fibres. The glass fibre 
confers most of the mechanical strength to the composite, the effect of 
filler being the secondary in this respect, contributing as an extender to 
lower cost, and more importantly, to modify the resin/filler suspension 
viscosity so that fibre separation or filtration does not occur during 
moulding. In order to optimise the mixing ratio, hence lead to mouldings 
with adequate overall properties, comparable to a UPR.DMC, the 
following parameters were considered: 
i) Resin 
The use of adequate amount of resin is necessary to wet fillers and fibres· 
for effective transfer of the applied stresses from the weak matrix on to the 
stronger fibres. This was governed by factors such as viscosity, 
compounding methods, type of fillers/fibres, and additives e.g the effect of 
coupling agents. 
ii) Filler 
Sufficient filler was necessary to promote flow of fibre during moulding 
(ie. avoidance of fibre "washout"), reduce shrinkage and warpage, reduce 
cure time, reduce tack, and increase the bulk of material. 
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ill) Glass Fibre 
The amount of glass fibre was governed by the amount of resin and filler 
present in the formulation; basically sufficient glass fibre was required to 
produce mouldings with a comparable flexural and impact strength to that 
of a polyester DMCs, and with a relatively good dimensional stability, see 
Table 2.2. 
From the initial experimental compounding trials, the ratio of 1:1:0.6 
between the three constituents in PF.DMC, namely resin, filler, and the 
reinforcing glass fibres (see Table 4.1), resulted in a compound with ease of 
handling and satisfactory flow in mould and good mechanical properties, 
comparable to UPR.DMC. 
From the formulation. 1 in Table 4.1, by keeping the ratio of resin and the 
glass fibre constant, the effect of four different types of kaolin particulate 
fillers ie. Supreme, Specwhite, Hexafil, and Devolite (varying in particle 
size) on the flexural strength of the PF.DMC mouldings were examined. 
Mixing were carried out in the Z-blade mixer. 
From the above experiments, it was established that a higher flexural 
strength could be achieved using the Specwhite particulate filler as 
compared to other types of kaolin (see Figure 5.4). Next by keeping the 
ratio of resin (]2027) and filler constant, six different grades of glass fibres of 
varying sizes were employed in order to establish a grade with an 
optimum compatibility with phenolic resin. The result of their flexural 
strength, flexural modulus, and impact strength showed that grade SP 406 
(see Table 3.3) overall produced the best results. 
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Having determined a suitable filler type and glass fibre grade, the 12027 was 
replaced with a much higher viscosity, higher molecular weight resin 
"}2039", (see Table 3.1 and Table 4.2 for details of Formulation F.2). The 
use of formulation (F.2) resulted in mouldings with much superior 
surface finish. However higher flexural and impact strength were obtained 
from mouldings consisting of }2027 resin (F.l). Therefore all further 
experiments were based on the F.l unless other wise stated. Differences in 
these resins and their related compounds are discussed below. 
4.1.2 Study of the Effect of Silane Coupling Agents 
Three types of silanes were employed for this work; selected and supplied 
with respect to their past proven performance with PF resins, namely 
All00, A1120, and A187 (see Table 3.4). Two methods were used for 
incorporating the silane coupling agents to the DMC. 
i) Addition of silane to the PF resin 
For this purpose 1, 3, and 5 %wt of silanes in 100 % wt of resin (ie. 0.39, 
1.17, and 1.95 %wt silane in 100 %wt of PF.DMC) were added to the resol· 
in the Z-blade mixing machine prior to compounding with filler. A graph 
of %wt silane versus flexural strength, flexural modulus and impact 
strength of the above silane modified DMCs were obtained and compared 
with the results of mouldings made from formulation F.l. 
ii) Coating of Specwhite filler with silane 
Dry Specwhite particulate filler (2 Kg) was coated with various silanes at 
various loading according to the method described in Section 3.2.2 (ii). 
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Three different grades of silanes as used in Section 4.3(0 were employed 
for coating of fillers. The above coated fillers were then used as a filler 
substitute in F.l DMC formulation. A graph of %wt silane versus flexural 
strength, flexural modulus and impact strength were determined and 
compared with the mechanical properties of mouldings resulted from F.l 
and silane addition to the PF resin formulations. 
ill) Effect on pH 
The effects of silane on the pH of PF.DMC was achieved from the 
following procedure (ie. variant of method described in Section 3.2.1 (ii): a 
sample portion of silane treated PF.DMC (50g) was placed inside a 100ml 
beaker and filled with 10 %wt of distilled water (pH 7). The contents were 
first mixed and dispersed for few minutes before measuring the pH, using 
the Pye pH meter. A graph of %wt silane versus pH was plotted. 
4.1.3 Shelf-Life (Ageing of Resin) 
All samples in sealed 5 liter plastics container were stored at 23°C, and 50% 
RH; then regularly sampled. 
i) Neat Resin 
The ageing process in J2027 and J2039 resins was investigated by: 
a) Gel permeation chromatography (GPC)- the MW determination of neat 
PF resin can give some indication as to the age of resin. However the 
diluted PF in THF solvent, the solution gave rise to presence of white 
pricipitates, specially with higher viscosity J2039 resin, making 
measurements with the existing equipment impossible. 
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b) Brookfield Viscometer- a 600ml beaker was filled with 500ml of resol 
resin (a minimum amount required to eliminate the wall shearing 
effect on viscosity). Depending on the viscosity of resin, appropriate 
spindle (1 to 7) and rotating speeds (1 to 20 rpm) were selected for the 
viscosity measurements. A graph of viscosity (mPa.s) versus time were 
plotted for both resins. 
ii) Resin/filler Suspension 
In investigating the effect of temperature and particulate filler loading on 
viscosity of the J2027 resin, to a 600 ml beaker containing J2027, filler was 
loaded at different weight percentages. The viscosity of suspension was 
measured with the Brookfield viscometer. A graph of %wt Specwhite 
filler versus viscosity of the suspension at 23°C, 40°C, and 60°C were 
plotted. 
iii)PF.DMC 
With the high viscosity of DMC, measurements of viscosity using a 
Brookfield viscometer was not possible as it was much above its. 
measuring range. 
Instead an oscillation rod viscometer was developed <based on Rapra's 
Vibrating Needle System VNS). This was used to measure "empirical" 
values of viscosity of PF.DMC (see Appendix A). However, after long and 
exhausting studies the lack of resin flow in the system resulted in a poor 
and unconvincing results. The existence of a relatively long and entangled 
glass fibres in the DMC made it impossible to achieve a reproducible 
results. Other similar commercial measuring techniques were used but 
with no success (eg. Strathdydtrheometer). 
82 
iv) Effect of Resin Volume 
It was thought that the air space above a volume of stored PF resol resin 
may have some influence on its ageing (eg. loss of volatiles). The effect of 
neat resin volume (ie. quantity of resin in the storage container) on its 
shelf-life was established from the experiments in which nine identical 
plastic buckets (5 litre capacity with dimensions of 200mm diameter, and 
220mm in height and with air tight lids), were filled with 700, 1200, 2000, 
3000, and 4000ml with J2027 and 1000, 2000, 3000, and 4000ml with J2039 
resin respectively. These were stored at constant temperature (23°C). A 
graph of viscosity versus time as measured by Brookfield viscometer were 
plotted. 
4.1.4 Thickening Process 
i) Chemical Thickening 
In an attempt to investigate the effect of MgO as a thickener for phenolic 
resol resin, four beakers (600ml) were first filled with J2028 resin (500ml) 
and Specwhite filler (30 %wt). The content were mixed thoroughly before 
MgO was added to each beaker at concentrations of 1, 3, and 5 %wt (on. 
resin/filler suspension) respectively; one of the beakerswas used as a 
reference (ie. without MgO). Using a high speed blender, MgO particles 
were uniformly dispersed into the suspension. Using a Brookfield 
viscometer (at 23°C), the rate of thickening of the suspension was 
determined from a graph of viscosity versus time. 
Further assessments of MgO thickening were made, using the differential 
scanning calorimetry (DSC), of the suspension 30 %wt Specwhite filler in 
J2028 resin (see formulation F.3, in Table 4.3). The peak exothermic 
temperatures of the suspension containing 0.5, 1 and 2 %wt of Mgo were 
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recorded from a plot of heat flow versus time. The samples were stored at 
constant room temperature (23°C), and the effect of MgO on the rate of 
thickening was followed for a period of 180 days. 
a) Effect of particulate fillers- to investigate the effect of Specwhite filler on 
the rate of thickening, the viscosity with time were determined for two 
mixtures ie. J2028/Specwhite/MgO (100:30:3 %wt and J2028/MgO (100:3 
%wt). 
b) Effect of moisture-the effect of moisture content on the thickening rate 
of MgO thickened PF suspension (see Table 4.5) was established by 
adding of 3, and 5 %wt of distilled water to the beakers containing the 
above mixes, and the changes in thickening were recorded from a plot 
of viscosity versus time using the Brookfield viscometer. 
ii) Physical Thickening 
A grade of thermoplastic novolak resin which (assumed to be a 
thermoplastic oligomer) was added to J2027 resin and heated to 70 ±2°C .. 
The heat caused softening and melting of the crystalline novolak powder 
in the liquid resol, leaving a clear and transparent solution. On cooling the 
novolak recrystallised an6.c'aused sudden increase in viscosity. 
A graph of viscosity versus %wt novolak was obtained for: 
a) neat J2027 resin (ie. no filler) at 20°C, and 
b) neat J2027 + 30 %wt filler at temperatures 20°C and 60°C. 
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4.1.5 Compounding Characterisations 
i) Planetary Mixer 
J2027 resin (300g) was poured inside the mixing bowl of the machine. 
Then Specwhite filler. (300g) was added to the bowl and mixing started 
using a flat beater mixing head at an intermediate speed of 125 rpm. After 
five minutes the speed was increased to 259 rpm, and mixing continued 
for a further 15 minutes. 
Prior to the addition of glass fibre into the mix, speed was reduced to 61 
rpm and the blade changed to a dough arm mixing head (to reduce fibre 
attrition). 6mm chopped strand glass fibre (grade 1617) (166g) was sprinkled 
on top of the compound while the blade still in motion. At every minute 
intervals mixing was interrupted and the material which had by now 
formed a layer inside the the bowl edge was scraped down, removed and 
placed into the bulk of the compound at centre (see Figure 4.1). 
ii) Z-blade Mixer 
From the preliminary experimental trials of compounding DMC in a Z- . 
blade mixer, it soon became apparent that if the amount of mixing 
compound in the tank was below or above half level, then insufficient 
mixing would occur. This was seen as either the compound not 
transferring from one 'U' shaped chamber to the next, (ie. because of 
insufficient material in the mixing tank) or some of the compound stayed 
above the blades, hovering on top without getting mixed with the bulk of 
the compound (ie. because of over-loading of the mixing tank). 
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The other consideration was the addition of glass fibre into the 
suspension. Presence of glass fibre increases the bulk factor in compound, 
resulting in inadequate fibre distribution in the suspension. 
Typically mixing was carried out in two steps. The PF resin (900g) was 
poured into the tank and allowed to thermally stabilise at 25 ±l°C with 
blades turning. Filler (900g) was then added to the tank and mixing 
continued for 15 minutes. The blades were set in reverse motion for 1 
minute, forward mixing was then resumed for another 14 minutes. At 
this time, the mixer was switched off and some of the suspension (800g) 
was removed from the tank (to control mix efficiency). The blades were set 
in motion once again, 6mm chopped strand glass fibre (250g) was 
sprinkled on top of the remaining suspension and mixing continued for a 
further 4 minutes. The resulting DMC was removed from the tank, placed 
inside a polyethylene bag, cold pressed into a sheet and stored in a freezer 
at -17°C for the subsequent moulding operations. Figure 4.2, illustrates the 
mixing procedure in the Z-blade mixer. 
4.1.6 Assessment of the Efficiency of Mixing 
i) Resin/Filler 
a) Brabender torque rheometry- Brabender torque rheometry was used to 
assess the time necessary for compounding the filler particulates in resol 
resin. A sample charge (Specwhite (39cc) + J2027 (19.5cc) at 1: 1 ratio) 
was added into the mixing chamber. The rotating speed (60 rpm), and 
the operating temperature (25°C) were set to be similar to that used in 
the Z-blade mixer (see Figure 4.2(a». Thus a graph of viscosity versus 
time was obtained, showing the effect of filler distribution on viscosity 
of the suspension. 
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b) Optical microscopic techniques- from the time filler was added into the 
Z-blade mixer for compounding with PF resol, a small sample (lOg) was 
collected at every 2 minutes during the mixing period. Mixing was 
carried out for 45 minutes. Using an optical microscope (Zeiss Universal 
Microscope) the state of filler dispersion at every stage during mixing 
were observed. 
ii) Glass Fibre in Resin/Filler Suspension 
The time of mixing and distributing the chopped strand glass fibres into 
the resin/filler suspension was also determined from the optical 
microscopy assessments. 4 minutes mixing was found adequate to achieve 
a DMC with a minimum apparent fibre attrition and good dispersion. 
Fibre wet-out was subsequently observed using SEM. Examination of the 
uncured and cured sample of DMC resulting from Z-blade mixer, showed 
fibres randomly oriented in a three dimensional planar. 
4.1.7 Moulding Parameters 
i) Compression press 
The compression unit employed for moulding of PF.DMC was a down 
stroke hand operated Moor hydraulic press. The electrically heated platens 
were set for a range of temperatures in the experiment from 150°C to 200°C 
(in 10°C steps). To prevent material sticking to the mould surfaces, two 
PTFE sheets were cut to the size of the mould cavity, and then placed 
inside the mould prior to the charge placement. However this was found 
to be inadequate in allowing effective release of vola tiles during breathing 
cycle. Application of ''Frekote'' release agent spray (see Table 3.4) gave good 
release of mouldings from the mould surfaces. 
ii) Moulding tool 
Two steel moulds were designed for moulding purposes: 
a) a square steel cavity and a flat plaque as shown in Figure 4.3, and 
b) a rectangular semi-positive steel mould, designed to accommodate the 
DMC charge (of relatively high bulk factor) as shown in Figures 4.4(a). 
ill) Charge size 
DMC charge from the Z-blade mixer, when cold pressed (while still in its 
polyethylene bag at a pressure of 0.8MN 1m2) was weighed and placed 
inside the mould cavity as a sheet (15mm thick; single layer) for 
compression moulding. Mter a several moulding trials, a charge. of l80g 
was found satisfactory to fill the mould cavity completely with 40g excess 
material (ie. flash). In the rectangular mould, the charge weight of 90g was 
used with 109 flash. 
iv) Moulding procedures 
The moulding operation was carried out according to the sequence shown 
below. 
PF.DMC cut from sheet weighted 
(180 g for square mould) 
(90g for rectangular mould) 
I 
compression press and the mould opened 
(mould preheated at 150°C for 
5 minutes before placing the charge) 
I 
DMC placed inside the mould cavity 
(PF.DMC temperature= 20°C) 
I 
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moulding procedure continued 
mould closed and press applied 
(Pl= 0.812 MN 1m2 Tl= 170°C) 
I 
material flows to all corners of the cavity 
(as established during the optimisation 
of the charge weight) 
I 
onset of cure and crosslinking 
(t= 60 seconds) 
I 
press and mould opened (P= 0) 
I 
first breathing stage to release 
vola tiles, mainly water 
(t= 15 seconds) 
I 
mould and press closed 
(P2= 1.624 MN/m2 T2= 170°C) 
I 
curing process continued 
(t= 60 seconds) 
I 
press and mould opened 
(P=O) 
I 
second breathing stage 
(t= 15 seconds) 
I 
mould and press closed 
(P3= 3.248 MN/m2 T3= 170°C) 
I 
curing process continued 
(t= 210 seconds) 
I 
curing completed 
I 
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moulding procedure continued 
press and mould opened 
I 
moulding removed from the mould 
I 
the excess flash trimmed off 
I 
cooling cycle 
(t= 15 minutes T= 20°C using another cold press) 
I 
samples placed inside sealable plastics 
bags for storage and subsequent testing. 
4.1.8 Moulding Properties 
i) Effect of resin type 
Mouldings obtained from DMC based on J2027 and J2039 resins in F.l and 
F.2 formulations were compared for their surface finish, voids and cracks, 
using colour photography and scanning electron microscopy (SEM). The 
effect of using soluble and insoluble glass fibres sizing on the mechanical 
properties of PF.DMC were also seen by the comparison of glass fibre 
grades 1617 and 1401, (in both F.l and F.2 formulations respectively). 
ii) Effect of filler particle size 
The importance of filler particle size was seen from substitution of 
wollastonite filler particles (of relatively high aspect ratio) in Formulation 
F.2. The observed effect on flow and fibre distribution in mouldings were 
seen and recorded using colour photography. These samples were then 
compared with mouldings resulted from formulation F.2. 
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ill) Effect of silanes on curing 
Differential scanning caIorimetry (DSC) was used to establish the effect of 
2, 3, and 4 %wt of AllOO silane coupling agent on the curing behaviour of 
PF.DMC. This was investigated by comparing the peak exotherms 
determined from a plot of heat flow rate versus temperature (see Figure 
5.20). 
iv) Effect of curing temperature on Tg 
DSC was also used for studying the effect of curing temperature on the 
glass transition temperatures (Tg) of resulting cured PF.DMCs. Samples 
from mouldings made with Formulation F.1, and cured at temperatures 
160°C and 190°C, were used for determining the influence of curing 
temperature on Tg of PF.DMC, from the trace of DSC (ie. a plot of heat 
flow rate versus temperature). 
After the cycle was completed the effect of post curing on Tg of mouldings 
were seen by repeating the experiment with the same samples. The results 
were recorded as the DSC trace of heat flow rate versus temperature. 
v) Effect of curing temperature on flexuraI strength 
PF.DMCs were moulded at temperatures ranging from 160°C to 200°C at 
steps of 10 ±1°C. The flexuraI strength of these moulding were determined 
for two charge conditions prior to moulding; a bulky, unpressed charge, 
and a charge which was cold pressed, both resulting from Z-blade mixing. 
A graph of temperature versus flexural strength for both charges were 
plotted. 
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vi) Ratio of constituent in the cured sample of PF.DMC 
Five test pieces of identical dimensions from one plaque of moulding 
were placed in a muffle furnace and burnt off at 800°C for five hours. The 
samples were allowed to cool in a desiccator. After weighing, the variation 
in the percentage loss of resin between the test pieces was noted. 5 plaques 
were tested to give a reasonable average of results. 
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MAIN EXPERIMENTAL 
4.2 pevelopment of Continuous Compounding of PF.pMC 
(using the developed formulations of F.1 and F.2) 
In part to examine methods permitting automation and high consistence 
outputs in the manufacture of DMC, the use of the twin screw 
compounding method was examined in light of more recent equipment 
developments. The formulation developed in section 4.1, as shown in 
Table 5.1 was adopted for studying the effect of compounding PF.DMC 
using a twin screw extruder. This investigation was intended to assess the 
role of the various factors e.g screw speed, screw geometry, die design, fibre 
length population and orientation on properties of PF.DMC mouldings. 
4.2.1 Compounding Parameters 
An APV twin screw compounder MP2000 series was employed in this 
work. This equipment is a co-rotating intermeshing self-wiping extruder, . 
as shown in Figure 3.1. 
i) Barrel 
The APV extruder consists of a barrel which can be opened along its 
length, (eg. to examine state of mixing in compounds along the screws-
avoided in this work due to the mobility of resin). The barrel has a 
number of feed ports permitting the incorporation of additives onto 
specific parts of the screw (eg. to avoid excessive heating or shearing 
effects). For the purpose of this work ports "a" , "c" and "e" were used, the 
others being sealed, (see Figure 4.5). 
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pp resin and particulate filler were metered separately into the back port 
(ie. port He") and the glass fibre input to the extruder was made from either 
pores "a" or "c". Metering were carried out as follows: 
a) a 12 litre polyethylene tank was filled with the test resin and the output 
from the tank (simply controlled by the tap at its base), was calibrated to 
dispense at a rate of 60g/min into the extruder through the port "e". 
Head height/ gravitational effect were avoided. J2039 was calibrated to 
dispense at a rate of 30g/min. 
b) for filler metering, the extruder's hopper was filled with the particulate 
filler and dispensed into the extruder by means of a rotating screw at the 
hopper's base. The speed of the screw feed was controlled to deliver at a 
rate of 60g/min. 
c:) glass fibre input to the extruder was determined as follows. A 10 metre 
length of continuous roving was cut, weighed and then passed through 
the filled extruder (using the pulling force of the rotating screws) at· 
speeds of 150 to 400 rpm , in steps of 50 rpm. The time taken for the fibre 
to be pulled inside the extruder at different screw speed was used for 
calibrating the glass fibre intake g/min against the extruder screw speed. 
Thus for our formulation at 200 rpm 35 g/min of fibre were fed into the 
extruder. 
It should be noted that chopped glass fibres could not be incorporated into 
the twin screw compounder because of bridging problem. 
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Operating couditions 
It should be noted that the twin screw compounder was operated under 
isothermal conditions (20 ±3°C). Temperature increase, (observed in early 
experiment to rise up to the temperature of 45°C, mainly at the point of 
glass fibre entrance to the extruder) was compensated for by the cooling 
system in the extruder's barrel. 
Raw material temperature (OC) 20 ±2 
Barrel temperature (OC) 25 ±1 
Cooling temperature (OC) 5 ±2 
Screw speed (rpm) 200 
Pressure at die head (Psi) 1 to 20 
ii) Screw configurations 
Each of the two screws was made up of a number of matching screw 
elements as seen in Figure 4.6; 
a) Camels: used mainly as bearings to support the screws in the barrel, but. 
also to convey material with some shearing action. 
b) Mixing paddles, (also known as kneading elements): used to enhance 
shearing effect- which is dependent on the number and angle of paddles 
(relative to adjacent paddles) in the make-up of a screw configuration. 
c:) Plug: (also known as barrier discs), used to increase the back pressure 
thus increasing the amount of shearing to the material. Restriction in 
die will also increase back pressure. 
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d) Feed screws: mainly used for conveying material from the feed zone to 
the die. The action of transferring of material from one screw to the 
other, and the shearing created between the screws and the barrel causes 
a dispersion and wetting of solid constituents in the PF.DMC. 
Figure 4.7, demonstrates a typical screw configuration used for 
thermoplastics compounding. The various screw configurations (SC) 
employed in the production of PF.DMC using formulation F.I and Die 1.1, 
are shown symbolically as follows: 
SC.I) Camel + 3(FS2) + (FSI) + 3paddle (30°) + 3(53) + A 
SC.2) Camel + 3(FS2) + (FSI) + 6paddle (30°) + 3(53) + A 
SC.3) Camel + 3(FS2) + (FSI) + 6paddle (60°) + 3(FS3) + A 
SC.4) Camel + 3paddle (30°) + 3(FS2) + 3(53) + A 
SC.5) Camel + 6paddle (30°) + 3(FS2) + 3(53) + A 
SC.6) Camel + 6paddle(600) + 3(FS2) + 3(FS3) + A 
SC.7) Camel + 3(FS2) + 2paddle(600) + (FS3) + 2paddle(600) + (53) + 
2paddle(600) + (FS3) + A 
SC.B) Camel + 3(FS2) + 3(53) + (FSI) + A 
SC.9) The same as SC.B except the rovings was fed into the extruder from 
port 'c'. 
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Note: 
a) A = plug + (9-I2)paddles (90°) + (FS3) + (FS2) 
PS = Feed Screw number according to Figure 4.6. 
b) (The Figure outside the parenthesis is the number of repeated segments) 
c) se.I, 2, and 3 were designed to show the effect of number and angle of 
mixing paddles on the fibre length population for rovings fed into the 
extruder from the port "c", (ie. away from the die). 
d) se.4, 5, and 6 were designed to show the effect of the above variables, 
but rovings were fed from the port "a", (ie. nearer to die), in order to 
study the effect of increased shearing on fibre length population in the 
resulting extrudates. 
e) se.7 was designed to show the effect of distribution of mixing paddles 
along the length of screw on fibre length population. 
f) se. 8 was employed to study the effect of compounding without the aid 
of mixing paddles and relaying solely on feed screws for effective 
compounding of the PF.DMC. 
Size of Segments: 
Type Size (mm) 
Camel 45 
Paddle 8 
Plug 8 
Feed screw 8 
Feed screw 30 
Feed screw 45 
ill) Die design 
Two especially designed dies were used for the production of a PF.DMC. 
a) Die.1 shown in Figure 4.8; a simple slot die bolted to the extrusion die 
head block (see Figure 4.15). 
b) Die. 2 shown in Figure 4.9; a technical drawing of a divergent 
(horizontal)/ convergent (vertical), constant inlet/outlet cross sectional 
area die, which is bolted inline to Die 1. 
Note: Both die 1 and 2 were designed so that by outlet width and length 
was approximately that of the moulding tool (ie. 45mm and 130mm 
respectively). 
As will be discussed in Chapter 6, the die design was shown to have a 
critical effect on fibre orientation and fibre length population. Our die 
design evolved as follows: 
a) Die 1.1 (see Figure 4.8): The die gave rise to a complex "figure of 8" 
transverse orientation to the fibres, as seen in Figure 5.45. 
b) Die 2.1 (see Figure 4.10): It was hoped that the "figure of 8" fibre· 
orientation would be disrupted. Instead it became flattened while 
retaining its complex orientation, (see Figure 5.47). 
e) Die 1.2: This is a modification to Die 1.1 in which a varying number of 
interchangeable vertical rods (3mm diameter) were fitted into the slot 
die, (see Figure 4.11). For work described here Die 1.2 was bolted in-line 
between extruder and Die 2.1. The die was found to sub-divide the 
extrudate into several discrete flow streams, determined by the number 
of rods across the flow path, ie. eliminating the "figure of 8" orientation. 
However, if more than 3 rods were employed bridging resulted; Figure 
5.49 show the sub-divided extrudate resulting from Die 1.2. Figure 5.50 
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shows the effect of flow of sub-divided extrudate in Die 2.1 on fibre 
orientation. It is seen that the problem of fibre homogenisation in Die 
2.1 have been worsen by the placement of bars in Die 1.2. 
d) Die 2.2: This is a modification of Die 2.1, using an array of pins to comb 
out and further break-up complex fibre orientation in the dough, see 
Figure 4.12. The array of pins (each 2mm diameter, 3mm length) were 
fixed and aligned in both the top and bottom faces of the die. There was 
a small and decreasing gap between pin points along the length of the 
die. Figure 5.52, shows the transverse fibre orientation resulting from 
Die 2.2. 
e) Die 2.3: This is a modification of Die 2.2, using two side blanking pads to 
block each side of the die. The pads gave rise to fibre orientation in the 
machine direction as shown in Figure 5.53. Figure 5.54 shows schematic 
representation of fibre orientation effect resulting from this 
arrangement. 
iv) Fibre coating device 
It was suspected that the addition of fibre to filled resin may limit the . 
potential for resin wetting on the fibre's surface. In an attempt to see if the 
flexural strength properties of PF.DMC could further be improved, a 
continuous fibre rovings were first wetted out in a specially designed resin 
tank prior to feeding into the compounding barrel of the extruder. For this 
purpose a fibre wetting tank was designed and constructed as seen in 
Figure 4.13 and 4.14. The novelty of the design stems from the use of a 
rubber rolls which cushion and accommodate the passage of a relatively 
fragile boundle of rovings without causing fibre attrition. 1bree set of rolls 
were used to incorporate the low viscosity resin into the fibre roving, and 
a fourth was used (last roll) to control the degree of coating. The tank was 
99 
filled with J2027 resin and positioned on a temperature controlled hot 
plate (at 25 ±l°C). The amount of fibre coating was controlled by increasing 
or decreasing the tension between the rolls (spring assisted). Fibres were 
coated at the rate of 1.22 g/m. The roving was pulled through the resin 
tank into the extruder by the pulling force of the screws. 
4.2.2 Characterisation of Compounds 
The properties of both the uncured and cured PF.DMCs were examined. 
Uncured PF.DMCs Properties. 
To ascertain the consistency of continuous compounding and influence of 
compounding parameters the following were measured: 
i) Resin, filler and fibre contents 
Taking un cured extrudates with acceptable orientation (ie. using 
extrudates resulting from Die 1.1+2.2), they were cut into 5 parts of equal 
dimensions (ie. 50 x 20 x 4 mm) across the sheet, these weighed and placed 
inside a muffle furnace at 800°C for 5 hours. After cooling in a desiccator, . 
the samples (now a ceramic-like solid) were reweighed. The percentage 
loss of resin in the PF.DMC was recorded. 
In a separate experiment uncured extrudate was cut into 5 equal parts (ie. 
50 x 20 x 4 mm) which were weighed. These samples were then placed into 
a beaker of hot water (-80°C), to dissolve out most of the soluble resin. 
Using Imm size mesh sieve, filler and fibre residues in water were sieved 
through. The sieve was immersed in a larger vessel, to a depth of 
approximately lOmm below the water surface. The content of beaker was 
emptied into the sieve. The sieve was then agitated a few times before 
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withdrawing and collecting the fibres. Small percentage of highly degraded 
fibres below 1mm were discarded. The remaining resin still adhering to 
the fibres were washed off with methanol, leaving free fibres. After drying 
fibres were weighed again and the percentage of fibre content in each strip 
determined. 
ii) Fibre length measurements 
After fibres had been washed and collected (as described above) they were 
put in a beaker which was filled with water. A small portion of the glass 
fibre were picked out of the mass (ie. randomly). Such sampling and 
determination of fibre length were carried out on wet samples to reduce 
fibre attrition caused by friction and entanglement. Filament lengths were 
measured to the nearest millimetre using vernier callipers. On average, 
400 separate filament measurements were made per specimen, 3 
specimens per sample. 
The results were compared by a plot of frequency histogram, where the 
mean, standard deviation, and skewness were calculated from the 
following equations: 
X
_ Lmf 
The Mean - Lf 
where: 
m = Mid-point of grouped data 
f = Frequency 
The Standard deviation 
(for grouped data) 
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where: 
N = Number of observation 
( mean - mode) The Skewness 5 - --"----':'---=--:--'-0--'-7--
- standard deviation 
iii) Fibre Orientation 
Several techniques were used to assess fibre orientation in DMC, 
including: 
a) diamond polishing of the surface of cured sample and observing the 
orientation effect under a microscope; 
b) using benzylamine to dissolve the PF surface of the cured sample (at 
200°C for 5 hours under reflux) and thus observe the apparent fibre 
orientation; 
c) employing a X-ray for detection of fibre orientation. 
However, the first two techniques were found to be unsatisfactory for 
examining the presence of long and entangled fibres in the PF.DMC, while 
X-ray proved difficult with the filler obscuring the fibres. An alternative 
method was adopted to examine the fibre orientation with respect to 
location in the die and the resulting extrudates. 
A 200mm length of specimen of uncured DMC was placed in a muffle 
furnace at BOO°C for 5 hours; and then allowed to cool to room 
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temperature. The resulting ceramic-like material was wet polished using a 
Rotor Grinder, with 1 to 3mm thickness being removed from the 
specimen. The exposed surfaces were colour photographed. Three 
specimens per samples and samples from all die designs were examined. 
4.2.3 Moulding Parameters 
A charge was cut from the PF.DMC extrudate sheet, weighed and then 
placed to approximately fit the inside of the rectangular mould cavity (ie. 
preventing excessive flow of material in the mould, so to maintain the 
compound orientation). Two layers of extrudate sheets from Die 2.2 were 
used to give a correct sample thickness. Single layer extrudate sheet was 
used in the case of the extrudate from Die 1.1. For compression press, 
moulding tool and moulding procedure see Section 4.1.7. 
4.2.4 Properties Cured PF.DMC. 
All cured samples were left for 14 days at 23 ±2°C in a desiccator before 
testing. 
(i) Mechanical properties 
Flexural properties and impact testing were performed on the PF.DMC 
samples according to the procedures out lined in Section 3.2.5 (iii) and (ii) 
respecti vel y. 
(ii) Cured properties 
Scanning electron microscopy (SEM) was employed to examine the 
fracture surface of mechanically tested cured PF.DMC. (see Section 3.2.5(0). 
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Raw Materials Function Weight % 
Phenolic resol Matrix 39.1 
(J2027) 
Specwhite Particulate 39.1 
fill e r 
6mm cs glass Reinforcement 21.7 
fibre (No.3) 
Table 4.1: Fonnulation F.l 
Raw Materials Function % Weight 
Phenolic resol Matrix 40.2 
(J2039) 
Specwhite Particulate 38.1 
fi 11 e r 
Smm cs glass Reinforcement 21.7 
fibre (No.2) 
Table 4.2 : Fonnulation F.2 
Raw Materials Function % WeIght 
Phenolic resol Matrix 70 
(J2028) 
Specwhite Particulate 30 
filler 
MP Thickening at concentrations of 
agent l,3,and5 
Table 4.3: Fonnulation F.3 
Raw Materials Function % Weight 
Phenolic resol Matrix 70 
(J2027) 
Specwhite Particulate 30 
filler 
Table 4.4: Suspension A 
Raw Materials Function % Weight 
Phenolic resol Matrix 67 
(J2028) 
Specwhite Particu late 30 
filler 
~ Thickening 3 
agent 
Table 4.5: Suspension of F.l containing 3 %wt MgO 
The Hobart planetary action. 
Flat Beater Dough Arm 
Figure 4.1: Planetary Mixer 
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Figure 4.13: Arrangement of Glass Fibre Wetting Tank 
Figure 4.14: Technical Drawing of the Fibre Welting Tank 
co 
C> 
I 
-"-
FILLER DISPENSER 
DIE HEAD 
1.1 
DIE 
2.2 
~-- RESIN TANK 
~-- BARREL 
i-------- PF.DMC 
EXTRUDATE 
Figure 4.15: Diagram Showing the production of PF.DMC 
Extrudate Using Twin Screw Compounder. 
CHAPTERS 
RESULTS AND OBSERVATIONS 
5.1 Experimental Results presented as Tables and Figures 
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Raw Materials Function % Weight 
Phenolic resol Matrix 38.7 
(J2027) 
Specwhite Particulate 38.7 
fi lie r 
Continuous Reinforcement 22.6 
glass fibre 
(grade.7) 
Table 5.1: Formulation F.5 used in Twin Screw Extruder 
MIX No MEAN FIBRE STANDARD MODE SKEWNESS 
LENGTH (mm) DEVIATION (mm) 
(mml 
SC.1 13.35 5.60 1 1 0.42 
SC.2 14.40 5.42 15 -0.11 
SC.3 14.25 6.13 1 1 0.53 
SC.4 30.00 9.90 28 0.20 
SC.5 31.40 20.60 21 0.50 
SC.6 16.15 6.25 17 -0.14 
SC.7 19.80 6.33 19 0.12 
SC.8 19.81 6.82 23 -0.46 
SC.9 38.66 13.96 25 0.97 
SC.10 16.52 5.55 19 -0.44 
Table 5.2: Effect of Screw Configurations on Fibre Length 
Population of the DMC Compounded in Twin Screw 
Extruder (Die 1.1) 
FLEXURAL 
STRENGTH 
(M Pal 
59.50 ± 9 
70.00 ±11 
67.80 ±7 
50.00 ±5 
63.80 ±9 
63.55 ±8 
50.00 ±10 
60.00 ±7 
72.23 ±3 
54.38 ±8 
MIX No MEAN FIBRE STANDARD SKEWNESS FLEXURAL 
LENGTH DEVIATION STRENGTH (MPa) 
(mm) (mm) 
Machine ransverse 
direction direction 
SC.5(a) 18.21 6.60 -0.11 48.07 ±3 54.80 ±12 
SC.5(b) 13.10 5.11 -0.81 65.38 ±5 71.52 ±8 
SC.5(c) >1 
-- --
55.78 ±4 60.37 ±10 
r 
SC?{b') 36.26 11.07 0.76 87.25 ±6 
--
Table 5.3: Results of Fibre Length and Flexural 
Strength of PF.DMC (Die 1.1 + 2.2) 
FORMULATION 
SC5(a) Dry 2400 tex glass fibre roving+ 
Specwhite + J2027 at ratios of 
22.6 : 38.7 : 38.7 respectively 
SC5(b) Dry 2400 tex glass fibre roving+ 
Specwhite + J2039 at ratios of 
22.6 : 38.7 : 38.7 respectively 
SC5(c) Wetted 2400 tex glass fibre roving 
Specwhite + J2039 resin at ratios of 
[22.6: 19.35 (2027)] : 34.8 : 23.22 
SC5(b') Dry 600 tex glass fibre roving+ 
Specwhite + J2039 at ratios of 
6.5 : 46.7 : 46.7 
FLEXURAL 
MODULUS 
<tpa ) 
2.28 
3.06 
3.46 
3.43 
Fibre Grade F1exural Strength F1exural Modulus Impact Strength 
(MPa) (GPa) (J) 
cs 308 9227 ±18 2.83 ±O.84 2.89 ±O.81 
SP406 77.10 ±11 4.58 ±O.67 4.58 ±O.93 
1401 79.34 ±10 2.25 ±O.12 2.98 ±1.24 
1617 9227 ±14 2.89 ±O.54 2.63 ±139 
SP219 85.38 ±14 2.63 ±O.72 2.26 ±O.84 
EC890 6832 ±3 2.89 ±O.93 2.31 ±O.76 
a) J2027 
Fibre Grade F1exural Strength F1exuralModulus Impact Strength 
(MPa) (GPa) (J) 
cs 308 117.40 ±8 2.05 ±O32 5.94 ±2.12 
SP406 104.92 ±9 2.79 ±O.41 4.95 ±153 
1401 9217 ±10 2.54 ±O.61 3.15 ±O.86 
1617 90.33 ±15 2.42 ±O.27 6.59 ±1.24 
SP219 87.23 ±20 2.62 ±O.86 4.02 ±O.73 
EC890 72.68 ±9 2.87 ±O.43 2.78 ±O34 
b)J2039 
Table 5.5: Compatibility Effect of Various Grades of Glass Fibre with PF Resol Resin 
on Flexural and Impact Propertiesof PF.DMC. (See Figure 5.10, 5.11, 5.12) 
Concentration of Flexural Strength FlexuralModulus Impact Strength 
A 1100 SlIane ('lI> wO (MPa) (GPa) (J) 
1 85.76 ±11 1.73 ±O.32 6.83 ±2.21 
3 121.10 ±14 2.11 ±O.41 2.54 ±1.78 
5 108.94 ±23 2.03 ±O.52 2.59 ±1.32 
Concentration of Flexural Strength Flexural Modulus Impact Strength 
A 187 SlIane (% wt) (MPa) (GPa) (J) 
1 96.54 ±15 1.86 ±O.34 2.46 ±O.93 
3 110.45 ±14 2.00 ±O.22 3.73 ±1.30 
5 72.% ±5 1.56 ±O.60 3.10 ±1.05 
Table 5.6: Effect of Addition of All00, and A187 Silane to PF Resol on Flexural and 
Impact Properties of PF.DMC. (See Figures 5.13, 5.15, 5.17) 
Concentration of Flexural Strength Flexural Modulus Impact Strength 
A 1100 Silane (% wO (MPa) (GPa) (J) 
1 105.36 ±12 2.21 ±1.O2 3.36 ±1.42 
3 110.05 ±9 1.92 ±O.86 3.93 ±O.41 
5 95.43 ±ll 2.14 ±O.73 7.09 ±O.53 
Concentration of Flexural Strength Flexural Modulus Impact Strength 
A 187 Silane (% wO (MPa) (CPa) (J) 
1 98.76 ±8 2.08 ±O.78 4.04 ±2.10 
3 98.25 ±13 2.06 ±O.94 4.10 ±1.75 
5 105.31 ±7 1.82 ±O.61 2.92 ±1.16 
Concentration of Flexural Strength FlexuralModulus Impact Strength 
A 1120 Silane (% wt) (MPa) (CPa) (J) 
1 101.43 ±13 2.33 ±O.52 4.63 ±1.70 
3 86.12 ±7 2.54 ±O.73 5.66 ±2.10 
5 86.46 ±10 2.15 ±O.77 4.72 ±1.84 
Table 5.7: Effect of Coating the Koalin Filler Particles with All00, A187, and A1120 
on F1exurai and Impact Properties of PF.DMC. (See Figures 5.14, 5.16, 5.18) 
SilaneType A 1100 A 187 A 1120 
pH at Concentration 
(%wt) 
1 7.2 iO.3 7.4 iO.2 7.6 iO.4 
3 7.3 iO.S 7.5 iO.4 7.7 iO.5 
S 7.1 iO.2 7.6 iO.5 7.0 i03 
Table 5.8: Effect of Various Grades of Silanes on pH of Uncured PF.DMC. 
(See Figures 5.19) 
Flexural Strength Flexural Strength 
Temperature (OC) (MPa) (MPa) 
(l'ressed DMC) (Unpressed DMC) 
150 64.3 ±8 40.1 ±8 
160 78.6 ±ll 55.3 ±12 
170 92.0 ±9 63.9 ±12 
180 102.8 ±13 67.1 ±9 
190 105.0 ±16 66.0 ±7 
200 90.2 ±14 68.5 ±10 
210 86.7 ±13 59.3 ±14 
Table 5.9: Effect of Mould Temperature on Flexural Strength of PF.DMC. 
(See Figures 5.32) 
Figure 5.1: SEM, illustrating a Dry Sample of Wollastonlte. 
Figure 5.2: SEM, illustrating a Dry Sample of Mica. 
Figure 5.3: SEM, illustrating a Dry Undlspersed Sample of Specwhlte. 
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FIGURE 5.21: Effect of Storage Volume on Viscosity 
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FIGURE 5.2~: Effect of Storage Volume on Viscosity 
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Figure 5.23: DEA Trace of Cure of Phenolic DMC. 
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FIGURE 5.24: Effect of Temperature and Loading 
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FIGURE 5.25: Effect of Specwhite Filler on Ageing 
Behaviour of J2028 Resin 
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FIGURE 5.26: Effect of MgO on Thickening Rate of the 
Suspension of 30 wt% Specwhite in J2028 
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Figure 5.5 : Comparisons Belween PF .DMCs Made from J2027 and J2039 and 
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Figure 5.6: Effect of Incorrect Control of Breathing and Pressu re 
on Cured PF.DMC Moulding . 
Figure 5.7: SEM, Illustrat ing a Cured Sample of Resin/Glass Composition. 
Figure 5.8: SEM, Illustrating a Cured Sample of Resin/Filler Composition. 
x500 magnification (a) 
x600 magnification (b) 
Figure 5.9: Plane view (a) , and Side view (b) of Surface Fracture of 
Cured Sample of PF.DMC made from Formulation F.1. 
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FIGURE 5.14: Effect of Silane Coated Specwhite on 
the Flexural Strength of PF.DMC 
5 
• A1100 
11 A11 20 
IIiI A187 
~ 
'" c.. 
S 
en 
:J 
...l 
:J 
Cl 
0 
::E 
...l 
« 
et: 
::> 
x 
t.l 
..J 
'" 
2.50,..-------------------------------, 
2.25 
2.00 
1.75 
1.50 
1.25 
LOO+--
3 5 
S ILAN E (wl %) 
FIGURE 5.15: Effect of Addition of Silane on the Flexural Modulus of PF.OMC 
• AllOO 
I!!i A18? 
3.0~--------------------------------------------------------, 
2.5 
2.0 
1.5 
1.0 
3 
SILANE (wt %) 
FIGURE 5.16: Effect of SiJane Coated Specwhite on 
the Flexural Modulus of PF.DMC. 
5 
• A1100 
fa A1120 
trn ,. A187 
5 
:t 
E-
" Z 
I.<l 
0: 
E-
'" E-
U 
..: 
c.. 
~ 
-
8.-------------------------------------------------------------, 
? 
6 
5 
4 
3 
2 
o 
3 5 
SI LANE (wl %) 
FIGURE 5.17: Effect of Addition of Silane on the Impact Strength of PF.DMC 
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FIGURE 5.27: Effect of Ageing on Viscosity of the Suspension 
of 30 wt% Specwhite in J2028 
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FIGURE 5.28: Effect of Water on the Rate of Thickening of Suspension 
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FIGURE 5.32: Effect of Mould Temperature on Flexural Strength of the PF.DMC 
o.o,-----------______________________________________ ~ 
1st run 
"a 
..... 
u 
.. 
ID 
..... 
•• ID 
(a) 
-.." ._-- _. __ .. _ .... _ .._... .-- - .. -.... -........ . 
.!! -0.1' 
'" o ...
1~ 
.., 
.. 
:l! 
-D. 2 +-~..,.-~,-...--r-.--,.......,.--,--.--.-~~--r"---.-_._ ........ _r_-""T""-.-~ 
1 0 120 140 160 180 200 220 240 260 280 300 320 340 
Temperature COC) 
-0.065' 
"a 
-, 
u 
.. 
... 
, 
... 
" 
.!! 
:. 
o 
... 
"-0.075 
.., 
ID 
:l! 
2nd run (b) 
o 
321 C 
r----___ -+,~ -.-__ . -j. '________ __ 
-0.OB~4-0------------------~3~2'-0--------------------=34r.0~------~ 
Temperature COC) 
o Figure 5.33: DSC Trace of Sample of PF.DMC Cured at 170 C 
o.oo~----------------------------------------------------~ 
-0.01 
-0.02 
-0.03 
-0.04 
:<0-0.05 
;; 
::-0.06 
'-
... 
.1;-0.07 
1st run (a) 
~ -0.081-____ -1---.: ... __ t~.-.-.-.----·-.·· ....... _ ..... - ......... _ ... _ ... - .---:. : ... :-. ...,..-,-"'"i_-_ 
.. 
h .. -0.09 
... 
" ! -0.10 
~ 
u 
" ,Ill
, 
•• 
.. 
~ 
" o .. 
... 
... 
'" 
" 
'" 
-0.11 
-0.12 
-0.13 
-0.14 
-0.154-~~ __ -r~~~~ __ r-~r-~~~~~-r---r~~~~-4 
100 120 140 160 180 200 220 240 260 280 300 320 340 
Temperature 'OC) 
-0.05,---------.;.---------------.., 
2nd run (b) 
321"C 
~.10~-----~----~~-----~-----~ 310 320 330 
Temperature 'OC) 
o 
Figure 5.34: DSC Trace of Sample of PF.DMC Cured at 190 C 
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FIGURE 5.35: Calibration of Filler Input to the Extruder 
from the Filler Dispensing Unit 
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FIGURE 5.36: Calibration of Glass Fibre Input to the Extruder 
in Relation to the Speed of Rotating Screw 
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Figure 5.45 : "Figure of 8" Fibre Orientation Resulting form Die 1.1 
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FIGURE 5.46 : Effect of Fibre Orientation Through Die 1.1+2.1 
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Figure 5.47 : "Figure of 8" Fibre Orientation Resulting form Die 2.1 
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FIGURE 5.48 : Schematic Diagram of Die 1. 2 Showing 
the Effect of " figure 8" Fibre Orientation. 
Figure 5.49: Showing the Extrudate Resulting from Die 1.2 
Figure 5.50: Fibre Orientation Resulting form Die 1.2+2.1 
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FIGURE 5.51 : Effect of Fibre Orientation Through Die 1.1+ 2.2 
Figure 5.52 : Transverse Fibre Orientation Resulting from Die 1.1+2.2 
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FIGURE 5.53: Diagram Showing Die 2.3 with Combing Array and Side Blocking 
Pade Used to Create Machine Direction Orientation in Fibres. 
FIGURE 5.54: Diagram Showing the Fibre Orientation In 
Extrudate Resulting from Die 1.1 +2.3 
45~------------------------------------------------, 
40 •• ------~.r~ ---~.------__ •• 
35 
30 
25 % WEIGHT LOSS (RESIN) a 
a a a a a 
• % WEIGHT LOSS (GLASS) 
20 
0 1 2 3 4 5 6 
SECTION 
Figure 5.55: Variations in Resin and Fibre Content Across the Extrudates in Die 2.2 
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FIGURE 5.57: Fibre Length Population Resulting 
from s~ Through Die 1.1+2.2 
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Figure 5.58 : Showing the Comparisons Between Resin Coated 
and Uncoated Glass Fibrer Rovings. 
(a) Passed Through the Extruder without Coating 
(b) Initially Coated, then Passed Through the Extruder 
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Figure 5.59: Arrangement of Glass Fibre Wetting Tank 
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FIGURE 5.60: Effect of Addition of Lower Viscosity 
J2027 on Higher Viscosity J2039 
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FIGURE 5.61: Effect of Side Blanking Pade on Fibre Length 
Population of the Extrudate DMC 
Figure 5.62: Effect of Fibre "Wash-out" in Moulded PF.DMC. 
PRELIMINARY EXPERIMENTAL RESULTS 
5.2 Deyelopment of a "Simple" Formulation 
5.2.1 Raw materials 
i) Unfilled or "Neat" resins 
Comparison between the flexural and impact strength of neat, unfilled 
resols J2027 and J2039 resins became impossible due to the occurrence of 
large voids (resembling rigid cell structure in rigid polyurethane foam), 
resulting from the loss of water at low viscosity, during the curing 
reaction. However by heat curing below the temperature at which water 
was evolved (eg. at 80°C for 24 hours and under vacuum), it was then 
possible to produce mouldings with few, or no apparent defects. Since it 
was suspected that the molecular structure may vary compared with filled 
resin samples cured at elevated temperatures, no further attempts were 
made to test the properties of these mouldings. 
ii) Filler 
Figure 5.1 is a SEM, illustrating a dry undispersed sample of wollastonite 
(Vansil G). The use of rough, angular, and hard particles surfaces of 
wollastonite in PF.DMC resulted in mouldings with irregular fibre 
distribution and appearance of resin concentrations around the edges of 
the mouldings (ie. occurrence of fibre and filler wash-out) as shown in 
Figure 5.2. It is seen that at the centre of the moulding there is a high 
concentration of filler and fibres. 
Figure 5.3 is a SEM, illustrating a dry undispersed samples of mica and 
kaolin (Specwhite) in which the platey particles are seen as agglomerates. 
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The high oil absorption of mica and its flaky shape resulted in a 
suspension with a comparatively high viscosity prior to addition of the 
glass fibres. As a consequence, when fibre was added the increased 
viscosity caused higher shearing and sever fibre attrition. Noting that one 
of the fundamental requirements of producing a strong DMC is good 
wetting of fillers and fibres with resin, mica at a filler loadings required to 
make up the PF.DMC formulation was found to be too dry for effective 
fibre wetting. 
Figure 5.4 shows the flexural strength vs. various kaolin filler types 
(namely Devolite, Specwhite, Supreme, and Hexafil) in a PF.DMC 
.composition according to the formulation F.l (ie. where Specwhite filler 
was replaced with other particulate fillers). It is seen that among these 
fillers Specwhite resulted in mouldings of the highest flexural strength, 
where Hexafil gave mouldings of the lowest flexural strength properties. 
Surface finish of the cured samples of PF.DMC made from formulations 
F.l and F.2 were compared and the results are shown in Figure 5.5. It is . 
seen that the surface finish of these mouldings were satisfactory and free 
from any apparent signs of voids or cracks. This is providing that correct 
moulding procedure is followed ie. control of breathing and pressure 
during cure of PF.DMC. Figure 5.6 shows a cured sample of PF.DMC, made 
from formulation F.l, but with incorrect moulding procedures. With J2039 
(higher viscosity resin) mouldings of superior surface finish were 
obtained. 
Filler is important in PF DMC composition, as it aids flow, may help to 
reduce fibre attrition Oubricity effect) and prevents chipping of the brittle 
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cured PF resin. This is shown from the surface fracture of J2027 resin / glass 
fibre composite in Figure 5.7. Presence of filler particle in PF.DMC as 
shown in Figures 5.8 and 5.9(a)(b), improves the chipping characteristics of 
brittle PF resin and also appears to enhanced the interfacial bond between 
fibre, filler and resin (provided that the size applied on glass fibre is 
compatible with PF resin). 
iii) Effect of different grades of commercial glass fibre on strength 
properties of PF.DMC 
Having established the grade of particulate filler suitable for use in the 
PF.DMC composite, the effect of different grades of glass fibre (see Table 
3.3) on the mechanical properties of PF.DMC was then investigated. 
Figure 5.10 compares the flexural strength vs. glass fibre grades for PF.DMC 
made from J2027 and J2039 resin (see formulations F.1 and F.2 in Table 4.1 
and 4.2). It is seen that the best and worse results with respect to the J2027 
resin, were obtained from glass fibre grades CS 308 and ECO 890 . 
respectively. With higher viscosity J2039 resin, CS 308 and ECO 890 were 
also found to be the best and worse grades of fibres respectively. From the 
Figure it is also evident that the flexural strength of mouldings made 
from J2027 resulted in a comparatively higher flexural strength than those 
made from higher viscosity J2039 resin. 
From the flexural modulus results (shown in Figure 5.11), it is seen that 
the highest and lowest flexural modulus were achieved with fibre grades 
ECO 890 and CS 308 respectively in mouldings made from J2027 resin. 
However, with higher viscosity J2039 resin, the SP 406 grade and SP 219 
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gave the highest and lowest modulus. From the Figure it is also seen that 
over all PF.DMC made from J2039 resin resulted in mouldings of higher 
flexural modulus than those made from lower viscosity J2027 resin. 
Figure 5.12 represents the impact strength properties for the above 
mouldings. Considering the use of J2027 first, it is seen that highest impact 
strength was found with grades 1617 and the lowest with ECD 890. 
Comparing the effect of different grades of glass fibre on impact strength of 
mouldings made from lower viscosity J2027, it is seen that the highest and 
lowest impact strength were achieved from fibre grades se 460 and SP 219 
respectively. Over all the highest impact strength was found with 
mouldings made from lower viscosity J2027 resin. 
In short the higher flexural and impact strength were resulted from the 
use of J2027 (with lower flexural modulus) compared to the use of J2039 
resin. However, a higher flexural modulus was achieved from mouldings 
made from J2039 resin (with lower flexural strength and impact strength) 
compared to the use of J2027 resin. 
5.2.2 Effect of Coupling Agents 
Having investigated the effect of different commercial grades of glass 
fibres on the mechanical properties of the PF.DMC, then the effect of 
commercial PF selected grades of silane coupling agents (adhesion 
promoters namely All00, A1120, and A187) were investigated with the 
glass fibre grade SP 406 using formulation F.l, to see if these agents could 
further improve the basic mechanical properties (le. to determine the 
most compatible silane to phenolic resin). 
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Figure 5.13 gives plots of flexural strength vs. concentrations of silane, 
added directly to the resin. Figure 5.14, gives plots of flexural strength vs. 
concentration of silane treated filler. From the comparison between the 
two Figures, it is seen that addition of silane (at concentrations of 1, 3, and 
5 %wt of filler content ie. 0.76, 1.17, and 1.95 %wt of DMC) directly to the 
resin, resulted in mouldings of higher flexural strength compared to 
silane treated filler. 
As seen in Figure 5.13, the highest flexural strength resulted from 
mouldings which consisted of 3% AllOO and the lowest at 5% A187 
concentration. However, in Figure 5.14, it is seen that best and worse 
results were achieved at 3% AllOO and 1% A187 silane respectively. Using 
A187 silane gave mouldings of a poorer surface finish compared to AllOO. 
Figure 5.15 shows the effect of AllOO and A187 silanes (silane addition) on 
the flexural modulus of the PF.DMC. It is seen that the highest and lowest 
flexural modulus were obtained at 3 and 1% AllOO respectively. Filler 
treatment resulted in a relatively higher flexural modulus in mouldings. 
shown in Figure 5.16, compared to silane addition to resin. From the 
Figure it is seen that the highest and lowest flexural modulus were 
achieved from mouldings with 3% A1l20 and 5% A187 respectively. 
Overall A1120 performed better compared to A187 silane. 
The results of the effect of AllOO and A187 silane coupling agents, either 
added to resin or coated on filler, on the impact strength of the PF.DMC, 
are resented in Figures 5.17 and 5.18 respectively. As shown in Figure 5.17, 
best impact strength was achieved from mouldings with 1% AllOO and 
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worse result at 3 and 5%. However, with A187 silane best impact strength 
was seen at 3% concentration. 
In Figure 5.18 the best result was seen at 5% A1100 compared to 1 and 3% 
treatment. Al120 gave improved results at 1 and 3% concentration 
compared to A1100 and A187 silanes. However, with A187 silane impact 
strength were generally lower than the use of other types of silanes. 
Comparison of the results between the two Figures (ie. 5.17 and 5.18) 
shows that filler treatment with 5% A1100 silane gave mouldings of 
slightly higher impact strength compared to the addition of silane directly 
to the resin. 
Note: Al120 silane was not available at the time of this work for 
investigating its effect of properties of PF.DMC, when silane added directly 
to the PF resin. However, the filler manufacturer, given the exact filler 
treatment procedure supplied Specwhite filler coated with a A1120 silane 
coupling agent. 
i) Effect of silane on pH of uncured PF.DMC 
Silane coupling agents are strong alkaline substances and their addition to 
the PF.DMC formulation can be expected to change the curing 
characteristics (since curing of PF is pH dependent). 
Figure 5.19 gives plots of pH vs. concentrations of different grades of silane 
(ie. All00, A1120, and A187) in PF.DMC made from formulation F.1. It is 
seen that A187 had no effects on pH. However the pH of compound was 
increased as the concentration of All00 or A1120 was increased: the A1120 
gave the highest increase. 
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ii) Effect of silane on curing 
The effect of coupling agents on curing characteristics of the suspension A 
(see Table 4.4) was further investigated using a DSC. Figure 5.20 shows the 
trace of DSC resulted from a plot of heat flow versus temperature. 
Addition of 2% All00 silane to the suspension resulted in an increase in 
the peak exothermic temperature (Tp) from 203°C (suspension without 
the silane see Appendix B.1) to 210°C. Increasing the silane concentration 
in the suspension as seen increased the Tp. 
5.2.3 Effect of Ageing (Shelf-life) on Viscosity 
i) Neat resin 
The initial viscosity of resin is an important consideration prior to 
compounding with filler due to the continuous ageing nature of resol 
resin. Figure 5.21 shows the effect of ageing at various resin capacities on 
viscosity of J2027 resin. It is seen that with ageing, viscosity increases and 
the rate of this increase is dependent on the volume of the stored resin. 
The increase in resin volume from 700ml to 4000ml resulted in increase of 
viscosity by about 4 fold when measured after 170 days. 
Figure 5.22 compares the same variables as above, except with a higher 
viscosity resin J2039. As shown, the ageing process begins at relatively slow 
rate but at about 40 days the rate sharply increases. Similarly, the lower the 
stored volume of resin, the faster was the rate of ageing. The increase in 
resin volume from 1000ml to 4000ml resulted in increase of viscosity by 
about 9 fold when measured after 70 days. 
Figure 5.23 shows a trace of DEA (see Section 3.2.1 iv) which gives a plots 
of Log le'] versus temperature for a sample of PF.DMC made from 
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formulation F.1. There is evidence of a week glass transition just below 
O°C. A point of minimum viscosity is reached at 150°C. Above lSOoC, the 
onset of cure takes place, as indicated by the drop in both e' and e" • The 
sample appears to be fully cured at 230°C. 
ii) Resin/filler suspension 
Figure 5.24 shows plots of viscosity vs. percentage filler loading at various 
temperatures for J2027 resin. It can be seen that the rate of viscosity is 
affected by the increase in filler loadings and temperature, also it is noted 
that there is an apparent linear relationship between the two factors. From 
the Figure it can be seen that viscosity increases with an increase in filler 
loading and decreases with an increase in temperature. Figure 5.25 shows 
that the net effect of filler is to increase the resin viscosity but the rate of 
ageing appears to be similar in both resins. 
5.2.4 Effect of Thickening 
In order to maximise fibre wetting, the viscosity of suspension during 
compounding needs to be as low as possible. However, handling of . 
compound prior to moulding and more importantly the effect of fibre 
"wash-out" during moulding are the two important reasons which will 
dictate the choice of initial viscosity of resin for compounding a PF.DMC. 
Therefore using a low viscosity resin for effective wetting of filler and 
fibres, but at the same time improving the handling and reducing fibre 
"wash-out" during moulding, various methods for thickening the PF 
resin (ie. after compounding) were investigated. Figure 5.62 shows the 
effect of fibre "washout" resulting from the use of needle-like wollastonite 
filler in formulation F.2 as a substitute for Specwhite particulate. 
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i) Chemical thickening 
Figure 5.26 shows the effect of magnesium oxide (MgO), at concentrations 
of 1, 3, and 5 %wt on the thickening of suspension of 30 %wt Specwhite in 
J2028 resin. It is seen that during *e first 10 days, viscosity at all 
concentrations remained relatively unchanged. However, after 10 days, as 
the concentration was increased, the rate of thickening also increased. This 
is shown from the comparison between 5 %wt MgO addition, ie. viscosity 
reaching 0.5xl06 mPa.s in 12 day, and at 1 %wt addition; where it required 
a 170 days to reach the same viscosity (ie. 0.5xl06 mPa.s). 
Figure 5.27 represents the results of ageing and viscosity of the suspension 
of 30 %wt filler in J2028 resin. Addition of 3 %wt MgO as shown in 5.27 
(la) and (lb) increased the thickening rate by 1.2 fold in a period of 10 days, 
and by 46.6 fold in 30 days. The addition of the same level of MgO to the 
suspension, compared to 2a and 2b showed that the viscosity was increased 
by 7.7 fold during the first 10 days of thickening and by 100 fold after 30 
days. 2a also shows a transition period in which viscosity is initially 
slightly reduced (around the 20 days mark), but again increased after 30 
days. 
a) Effect of water- moisture can have a profound effect on the thickening 
rate of PF resol resin. Figure 5.28 shows this effect from the addition of 3 
and 5 %wt water. The results were compared to a suspension with no 
added water. It is seen that the rate of thickening decreased with an 
increase in water. It is also apparent that the significant effect of water 
on thickening was seen after about 20 days of storage. This effect is not 
particular! y surprising. 
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b) Effect of particulate filler- Figure 5.25 shows the influence of Specwhite 
filler on ageing/thickening of J2028 resin. Over a 100 day period, with or 
without the addition of filler to the resin, the viscosity decreased in the 
first 10 days of ageing, then increased steadily thereafter. However, the 
viscosity always greater with the resin containing filler. 
c) Effect of MgO on Tp- DSC was used to investigate the effect of MgO on 
thickening of resin/filler suspension .. Figure 5.29 gives plots of peak 
exothermic temperature (Tp) vs. ageing time for the suspension of A (30 
%wt filler in a J2027 resin) containing MgO at concentrations of 0, 0.5, 1, 
and 2 wt%. It is seen that the increase in the level of MgO in the 
suspension resulted in a reduction of the Tp (ie. -dH/dt). Figure 5.29 
shows that at 2 %wt addition of MgO to the suspension A the Tp rapidly 
decreased by 15%. The plot also shows an spontaneous drop on Tp in 
the first 20 days, then levelling off thereafter. The results obtained in 
Figure 5.28 are from the plot of heat flow versus temperature and are 
given in Appendix B. 
ii) Physical thickening 
In order to ultimately increase the storage life of PF.DMC, physical 
thickening of resin was considered as an alternative method to increase 
the viscosity of compounds prior to moulding. Novolak resin was used as 
the candidate material to study the effect of physical thickening. Figure 
5.30 gives plots of log viscosity vs. novolak concentration for neat J2027 
and suspension A at temperatures 23° and 60°C. Considering the effect of 
novolak on neat J2027, there is a linear relationship between viscosity and 
addition of novolak resin, where the viscosity increases with increase in 
novolak concentration. Also it can be seen that the rate of viscosity 
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increase of neat resin is greater than that at resin containing Specwhite 
filler (ie. suspension A). 
Figure 5.30 shows that at 23°C, the addition of novolak into suspension A 
initially increases the viscosity to a higher level compared to the neat 
resin, but with further addition of novolak up to 50 %wt the rate of 
viscosity becomes the same as that of neat resin. It is also apparent that 
viscosity decreases with increase in temperature. 
Figure 5.31 shows the DSC trace of 10 %wt novolak in suspension A. It is 
seen that there are two exotherm peaks, one relating to the presence of 
resol which occurred at 180°C and the other relating to novolak appearing 
at 260°C. 
5.2.5 Effect of Mould Temperature on Curing 
The results presented in Figure 5.32, shows the effect of condition of 
charge (ie. its shape before compression moulding) and the curing 
temperature, on the f1exural strength of the cured PF.DMC mouldings. It is . 
seen that higher f1exural strength were achieved from mouldings where 
the charge was first cold pressed into a pre-formed sheet prior to 
compression moulding. Also as seen the highest f1exural strength was 
found with mouldings which cured at 190°C and the lowest cured at 150°C. 
DSC was used to study the effect of curing temperature and post curing of 
PF.DMC from the changes in Tg. Figure 5.33(a), shows that PF.DMC made 
from formulation F.l cured at temperature of 160°C had a Tg of 247°C. 
However, at 190°C, Tg was decreased to 205°C as shown in Figure 5.34(a). 
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Therefore the increase in the curing temperature from 160°C to 190°C 
resulted in decreasing the Tg of mouldings. 
Repeating the DSC cycle with the same cooled samples, the effect of post 
curing (at a rate of 10°C/min, scanned over a temperature range of 30 to 
350°C) were studied. Compared to what was seen in Figures 5.33(a) and 
5.34(a), the results in Figures 5.34 (b) and 5.34(b), shows that mouldings 
cured at temperatures 160°C and 190°C when post cured, their Tg was 
further increased from 247°C and 205°C to 321°C respectively. 
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MAIN EXPERIMENTAL RESULTS 
5.3 Deyelopment of continuous compounding of PF.pMC. using the 
developed fonnuJations from section 5.2 
The intention in this section was to adopt simple formulations resulting 
from the work carried out in the previous section (ie. the developed 
fonnulations F.1 and F.2 see Tables 4.1 and 4.2) for studying the feasibility 
of continuous compounding and production of a PF.DMC using a twin 
screw compounding extruder. 
From the initial trials, it became evident that chopped glass fibres could 
not be incorporated into the twin screw compounder because of bridging 
and irregular feeding problems (ie. inability to control metering). Thus the 
chopped strand glass fibre was replaced with a continuous rovings in the 
formulations. It is important to note that the sizing on the rovings 
differed from that of chopped strand glass fibre used in Z-blade mixing. 
5.3.1 Calibration of Raw Materials Metering Systems into the Twin Screw 
Extruder Compounder (TSEC) 
1) Filler 
Figure 5.35 gives a plot of filler output vs. hopper's screw speed (not in 
rpm, but in arbitrary units). From the Figure it is seen that there is a linear 
relationship between the two variables. It is also seen that in order to 
dispense 60 g/min of Specwhite into the TSEC (to get a correct ratio of the 
different constituents according to the formulation F.5, see Table 5.1), the 
dial number was set at 145. 
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ill Glass fibre 
Figure 5.36 gives plots of glass fibre intake to the extruder vs. screw speed 
for 600 and 2400 tex glass fibre rovings. It is seen that there is a linear 
relationship between the two variables. To feed at 35 g/min of 2400 tex 
rovings the screw speed was set at 200 rpm. 
5.3.2 Effect of Screw Configuration on Fibre Length Population. 
Table 5.2 shows the results of the effect of different screw designs (setting 
and assembling of various segments ie. screw configuration) on fibre 
length population and its influence on the flexural strength of PF.DMC 
extrudate through Die 1.1. 
i) Effect of number of mixing paddles 
Figure 5.37, represents the effect of the variations in number of mixing 
paddles (ie. in the second stage of mixing where the rovings were 
introduced into the barrel via selected port) on fibre length population and 
the resulting flexural strength. The screw configuration SC.l, consisting of 
3 mixing paddles positioned at an angle of 30° adjacent to one another, was . 
compared with SC.2, which consisted of 6 mixing paddles. From Table 5.2, 
it is seen that the increase in the number of paddles (with other variables 
kept constant) resulted in increase of both maximum fibre length 
population (insignificantly by 7.6 %) and the flexuraI strength (by 15 %). It 
is noted that the increase in the number of paddles also changed the shape 
of the resulting histogram, moving it closer to a normal distribution 
curve. 
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ill Effect of angle of mixing paddles 
The effect of mixing paddles on fibre length population is seen from the 
comparison between the SC.2 and SC.3 (see Figure 5.37). the increase in 
angle from 30° to 60°, appeared to have. little effect on both the mean fibre 
length and the average f1exural strength ie. little effect on fibre attrition (as 
expected). 
Comparison between compounds resulting from SC.5 and SC.6 shows that 
the f1exural strength again remained unchanged but the mean fibre length 
was significantly reduced (by 48%) (see Figure 5.38). The increase in 
paddles angle from 30° to 60° also showed an improvement in fibre length 
distribution, as indicated by its measure of skewness (Note: at 0 the 
distribution is said to be normal). 
It should be noted that the paddles set at 90° in the first stage of the screw 
gave rise to the highest shearing rate, to aid dispersion of filler particle 
into resin. However, in the second stage of mixing the use of 90° angle was 
avoided since it resulted in a severe fibre attrition. 
liD Effect of fibre residence time 
The effect of introducing the rovings from port "a" or "c" (see Figure 4.5), 
on the fibre length population were found from comparison between all 
the resulting compounds made from different screw configurations is 
shown Figures 5.37 and 5.38 respectively. 
In the majority of cases the increase in the degree of mixing (ie. by 
increasing the length of mixing through feeding the fibre via port "c" 
rather than "a"), resulted in a increased fibre attrition but at the same time 
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improvement in the flexural strength of mouldings, owing to the 
improved fibre wetting. 
iv) Effect of paddles distribution along the length of screw 
Figure 5.39 shows a histogram, demonstrating the effect of breaking-up 
the screw continuity through distribution of mixing paddles along its 
length (in the second stage of mixing), on the fibre length population. The 
distribution of mixing paddles proved to be ineffective as a means to 
improve the flexural strength of PF.DMC extrudate. This is seen by 
comparing the compounds from SC.7 with either SC.3 OR SC.6. 
v) Effect of fibre content 
The effect of SC.S is shown in the histogram of the fibre length population 
extrudate in which screw configuration of SC.7 was used but with two 
rovings (ie. 2400 and 600 tex rovings were feed together in to the extruder). 
It is seen that the mean fibre length is identical to that resulted in 
. compound from SC.7 but the flexural strength was increased by 16%. 
vi) Influence of mixing paddles 
The effect of mixing paddles on fibre length population was examined in 
compound from SC.9 (see Figure 5.40). From the comparison between this 
screw configuration and others in which rovings were fed via the port "a" 
(ie. SC.4, SC.5, and SC.6), it can be seen that extrudate resulting from SC.9 
had the longest mean fibre length (3S.6mm) and highest flexural strength 
(72.23 MPa), see Table 5.2. 
The histogram of DMC compounded with SC.10 (see Figure 5.40), shows 
the fibre length population resulting from the SC.9, but with fibres fed into 
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the extruder via port "c". It is seen that the increase in mixing time and 
the subsequent increase in shearing time resulted in a decrease of mean 
fibre length and lowering of the flexural strength. The absence of mixing 
paddles gave rise to poorer fibre length distribution as indicated by the 
large variation in the standard deviation of compounded DMC with SC.9 
compared with SC.l, SC.2, and SC.3 (see Table 5.2). 
Figures 5.41 and 5.42 show the histograms of fibre length population (ie. a 
plot of number of fibres versus fibre length) for all the changes in screw 
configuration is presented on the same x and y axis. 
Comparison between histograms for different screw configuration shows 
that the skewness resulting from SC.2, SC.3, and SC.6 was below 0.2 (ie. 
close to normal distribution). From the Figure 5.38 it is also evident that 
using SCA resulted in compound having long population of relatively 
long fibres (30 mm). 
Figure 5043 shows the histograms of fibre length population· 
measurements compound mixed with SC.5. It is seen that the shape of 
distributions are all relatively close to one another, indicating 
repeatability. 
5.3.3 Assessment of Fibre Orientation Effects 
The method developed in this work for evaluating the fibre orientation 
(see Section 2.3.1.iii) appears to be most useful in examining the extrudates 
with long fibres (up to 80mm in length). For example, with reference to 
SC.5, this method revealed the following characteristics in the extrudates: 
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(a) an indication of plug flow, 
(b) "figure of 8" orientation, and 
(c) the existence of fibre non-homogenity at the centre line of the 
extrudate. 
In an attempt to eliminate these undesirable conditions and improving 
the mechanical properties of the cured samples, several dies were 
developed (see Section 4.2.1 ii). 
5.3.4 Effect of Die 2.2 on Fibre Length and F1exural Strength of Extrudates 
Resulting from Screw Configuration in Mix lB. 
Figure 5.57 SC(a) and Table 5.3(a) show the effect of Die 1.1+2.2 on fibre 
length population of extrudate PF.DMC. Figure 5.57 SC.5(b) and Table 
5.3(b) show histogram indicating the effect of Die 1.1+2.2 on fibre length 
population of extrudate PF.DMC. The results for mean fibre length, 
skewness, flexural strength, flexural modulus, and impact strength of the 
above extrudates are also shown in Table 5.3. It is seen that the higher 
viscosity of J2039 resin in SC.5(b) of Table 5.3 resulted in extrudates of 
shorter fibre length (ie. 37% reduction), but a relatively stronger composite 
(23% improvement in the flexural strength) compared to the extrudate of 
compounded DMC resulting from SC.5(a), (made from lower viscosity 
J2027 resin). 
The effect of curing extrudate sheets with fibre orientation in either 
transverse or machine direction on mechanical properties of PF.DMC (ie. 
flexural strength, flexural modulus, and impact strength) are also given in 
Table 5.3. The flexural strength of SC.5(a) and SC.5(b) fall by 27% and a 
insignificant amount of 8.5% respectively when the charge was cut from 
the direction of flow (ie. minimum fibre orientation). 
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SC.5 (c) in Table 5.3 represents the results of the PF.DMC extrudate, where 
roving was wetted out with Iow viscosity J2027 resin prior to 
compounding in the TSEC. Figure 5.58 shows the comparisons between 
resin treated and untreated fibre rovings: 
a) roving was fed to the extruder barrel at port "a" with screw 
configuration of Mix 5 (see Section 4.2.1 ii), (no material inside the 
barrel). 
b) roving (see Figure 5.59), initially passed through the fibre wetting tank, 
prior to its introduction in to port "a" of extruder barrel with screw 
configuration SC.7 (see Table 5.3 formulation (c». 
From the Figure it can be seen that glass roving shown in Figure 5.58(b) 
are uniformly wetted out with the low viscosity J2027 resin. 
5.3.5 Effect of Addition of J2027 to J2039 on Viscosity of Resin 
Figure 5.60 gives plots of viscosity vs. concentration of J2027, when mixed 
with J2039 resin. It is seen that viscosity of neat J2039 was reduced by 
almost a half when only 15 %wt of J2027 resin was added. The wetting of . 
rovings prior to compounding (used in SC.5(c) of Table 5.3) resulted in a 
serious fibre attrition, where the average fibre length were reduced to 
below Imm. 
Compared to compounds with SC.5(a) and SC.5(b), the flexural strength of 
compound resulting from formulation SC.5(c) was marginally higher at 
72.5 MPa. The results also showed that the flexural strength measured in 
the machine direction were higher than those in the opposite direction. 
Note that since the average fibre length was below Imm in length, no fibre 
length distribution histogram could be obtained in the machine direction. 
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Figure 5.61 SC.5(b') (see Table 5.3) shows a histogram of fibre length 
population resulting from Die 2.3. The fibre length population or its effect 
on mechanical properties can not be compared with other mixes because 
of lower fibre content (600 tex roving) used in SC.5(b'). It should be noted 
that 2400 tex roving caused complete blockage in the Die. 
The results given in Table 5.3 shows that the flexural strength of cured 
samples measured from the extrudate cut in the machine direction was 
87.25 MPa. However, it was not possible to attain the flexural strength 
measurements of across the extrudates ie. cutting the sample in opposite 
the flow direction, due to the narrow width of the extrudates. 
'Figure 5.55 shows the variations of resin and filler content across the 
extrudates resulting from Die1.1+2.2., SC.5, F.5. 
124 
CHAPTER 6 
DISCUSSION OF RESULTS 
DISCUSSIONS OF THE PRELIMINARY EXPERIMENTAL RESULTS 
In this chapter the results obtained from the preliminary and main 
experimental work are discussed in two separate sections and related to 
some of the results of previous work (ie. surveyed in Chapter 2). It should 
be noted that in order to facilitate a logical explanation of the results 
obtained in this research, discussion in the two sections of this chapter will 
not necessarily follow the order in which the experimental work was 
carried out. 
6.1 Development of "simple" PF.DMC formulations 
It is possible to use phenolic resol heat curable resin for satisfactory 
production of dough moulding compounds, having comparable 
mechanical properties to that of a more conventional DMCs based on 
unsaturated polyester resin. The word "simple" implies that in the 
development of the proposed DMC only the resin, particulate fillers and 
the reinforcing fibres ie. the three main constituents necessary to produce 
a DMC were considered in obtaining a suitable formulation. The use of 
other additives which have been developed for UPR.DMC systems (see 
Table 2.1), e.g thickening agents, coupling agents, shrink controllers, 
lubricants and colouring, were avoided in the PF.DMC formulations. The 
reason for this was to reduce the number of variables, allowing a greater 
understanding of this already complex composition. 
However, thickening agents and coupling agents, were briefly examined 
because of their role and advantage seen in UPR.DMCs: although 
interesting results were obtained no further work on them in PF.DMC 
formulations or compounding was carried out. 
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6.Ll Raw Materials 
i) Resin- The resol resins supplied by BP Chemicals satisfied the 
requirements that were expected of a resin suitable in production of dough 
moulding compound (see Table 3.1).The original reason for selecting the 
J2027 and J2039 resins was that they covered two extremes of viscosities ie. 
from a low and easy flowing resin to a high viscosity resin. As will be 
discused later, both resins performed well in producing an acceptable 
DMC, although the J2027 resin is primarily designed for use in cold curing 
applications. 
As a phenolic resol resin ages, its viscosity increases steadily due to its 
continuous reaction characteristics, gradually resisting flow even under 
the applications of heat and pressure. Therefore measures have to be taken 
to increase the shelf-life of the resin, which will in turn increase the shelf-
life of compound prior to moulding process. The molecular structure of 
phenolic resol resin is very complex (see Section 2.2.4). The viscosity of 
such system is difficult to control and varies depending on the molecular 
weight of the resin, catalyst, and water content. Due to this, different. 
batches of the same phenolic resin may have different initial working 
viscosities. With increase of molecular weight, hence the viscosity of resin 
reduces its ability to effectively coat the filler and fibres in the PF.DMC 
during compounding processes. As the viscosity increases the capillary 
forces necessary to pull the resin into the interstices of filler agglomerates 
(via surface tension)decreases, giving slower surface wetting rates (ie. 
spreading). Then work must be performed on the agglomerates to 
overcome the slow dispersion process. This is of relatively less important 
with fillers, but with fibres any increase in mixing time or shear rate will 
results in fibre attrition and leading to lower mechanical properties. 
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Spontaneous spreading will occur if the contact angle between a low 
viscosity resin and the fibre is 0·, therefore conditions which approach this 
will aid dispersion. 
The J2039 resin of higher viscosity, lower water content, resulted in DMCs 
with shorter storage time compared to the J2027 resin of lower viscosity, 
higher water content. This was expected since water will substantially 
reduce the resin reactivity, (see Section 2.2.6). 
The viscosity of neat resin is also susceptible to the volume of stored resin. 
It was established that as the volume of stored resin increased then the 
rate of increase in viscosity due to ageing/shelf-life of resin was decreased. 
The reason for this behaviour is believed to be due to the formation of 
insoluble film on the surface of these resins. The formation of this layer 
which is referred to as scum [1061, is associated with the surface oxidation 
of the stored resin. It has been established that phenolic compounds can 
easily be oxidised to higher molecular weight materials containing 
phenolic and quinone molecular structure. The first step in this one 
electron abstraction reaction is the formation of a relatively stable phenoxy 
radicals, with the life time vary from lxlo-3 seconds up to hours or days 
depending on the substitution of aryloxy radical [31. The problem therefore 
is primarily due to instability of the resin exposed to air. As the volume of 
resin decreases it accordingly increases the volume of air in the container, 
thus increasing the rate of surface oxidation and subsequent increase in 
viscosity of the stored resin. 
The best method of preserving viscosity increase is by refrigeration (ie. 
below O·C). This was established from the result in Figure 5.23, showing 
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the Tg of compound resulting from the formulation F.1 was about O°C. 
Therefore it is possible to substantially slow down the on-going reaction, 
and increasing the shelf-life of the resin by eliminating two catalytic factors 
such as light and heat. This is in agreement with the results of Rudin 
et.al[107], who showed by GP chromatography of PF oligomers stored cold, 
were essentially the same as those of the freshly made resins, while those 
stored at room temperature exhibited the presence of a pronounced high 
molecular weight tail to the distribution. 
Rudin also showed that resols which differed in ability to H bond 
formation with solvents, their separation by GPC would be incomplete 
due to aggregation. Therefore with the GPC used in this work (see Section 
3.2.1 v), it was not possible to determine the molecular weight of the resins 
accurately and without damaging the filtration mechanism of the 
measuring equipment. 
Both J2027 and J2039 resins exhibited a white cloudy solution which later 
led to a formation of solid precipitates in THF. The higher viscosity resin. 
(ie. J2039) appeared to be more prone to this effect. 
ii) Filler 
Kaolin as inorganic particulate filler for PF.DMC was found to have many 
of the advantages that are expected of an ideal filler for a UPRDMC. 
However, with phenolic resins, two additional requirements are necessary 
from a filler. These are specific pH and the insolubility of filler in water. 
Since phenol oligomer usually contain some free water and then produce 
some during the cure process, use of kaolin will lead to form a more stable 
composite materials (Calcium carbonate or wollastonite show some 
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solubility in water). The Specwhite filler chosen for this work with 
PF.DMC, had a pH closest to that of resols (pH= ... 5). The importance of the 
influence of pH has already been explained previously in Section 2.2.3 ie. 
pH effecting the rate of shelf-life. A move in either directions from pH 4 
(assuming pH 4- to be a point of maximum neutrality of resol resin) 
increases the rate of viscosity change in ageing. 
From the comparison between the different grades of kaolin, Specwhite 
also appeared to give the highest flexural strength properties, (see Figure 
5.4). The reason for this is not very clear, since it appears that there are at 
least three variables acting together. These are the effect of the ratio 
~tween SiO : Al20 3 , pH and the effect of filler particle size (assuming 
same percentage of "oil-absorption"). 
The ratio between the SiO and AI203 appears to have little or no effect on 
the strength properties of mouldings. However, from the plot of flexural 
strength vs kaolin type fillers (see Figure 5.4), there appears a good 
correlations between the decrease in the percentage of SiO and the increase . 
in the flexural strength of the different grades of kaolin. Study of the effect 
of shelf-life on viscosity of suspension A (see Table 4.4), showed that 
Specwhite filler most likely have increased the viscosity of resin due to a 
good filler packing effect (see Figure 5.24). By increasing the amount of 
filler in the suspension the rate of viscosity increase was found to remain 
constant, indicating that Specwhite is an inert particuIate filler in PF.DMC 
formulation. 
The effect of a filler's pH which is either considerab Iy.. below or above4, 
will be expected to increase the rate of curing during moulding, affecting 
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the cross-link density and the type of linkages (see Section 2.2.3). 
Comparison between the flexural strength of the cured DMC made from 
formulation F.l with Specwhite and Supreme filler, (having the same pH 
and SiO : Al203 ratio but differed in" their particle size distribution), 
showed that the higher flexural strength in samples containing Specwhite 
filler may be due to presence of small percentage of coarse particles. 
Therefore the role of filler particle size appears to be more important as a 
factor affecting the strength of the PF.DMC. Fine fillers promote high 
viscosity in formulations, will provide lubricity during mixing and 
moulding, as well as aiding to reduce fibre agglomeration (see Section 
2.5.1). The importance of modifying the viscosity of DMC composition is 
to produce a DMC with uniform flow and good distribution of 
resin/filler/fibre during moulding process. Figure 6.1 shows a SEM of 
surface fracture of resin/glass composition. Without filler the effect of 
frictional forces between fibres during compounding and moulding 
process may result in severe fibre attrition and fibre "wash-out". 
The influence of filler particle size on flow of DMC was seen from the 
Figure 5.62 in which the high aspect ratio of wollastonite, when 
substituted for Specwhite in formulation F.2, resulted in a severe filler and 
fibre "washout". 
Fillers form a most important part of a DMC composition, since during 
compression moulding, presence of fine fillers can act as lubricant, 
reducing the frictional forces between the fibre/fibre contacts and 
preventing fibres buckling, (ie. one of the primary cause of fibre attrition 
and subsequent decrease in the mechanical properties). Fine fillers also act 
130 
as carriers, uniformly distributing the fillers and fibres in the mould and 
preventing fibre agglomeration (see Figure 6.2). 
The relatively high oil-absorption of "Spec white filler in the PF.DMC 
formulation, while limiting the maximum level of loading, will increase 
the viscosity of compound leading to improved handling and successful . 
moulding without "washout". At 39% wt filler loading (formulation F.l), 
a relatively tack-free compound (ie. ability to handle the DMC prior to 
moulding) with no apparent signs of fibre or filler "washout" was 
achieved. 
ill) Glass fibre 
The role of the reinforcing fibres, the mechanism and the different types 
and grades of fibres used in DMC have already been explained elsewhere 
(see Section 2.6). No coupling agents are as yet available for specific use 
with phenolic resin, although some (ie. designed for use with UPR) 
improve the interfacial properties between the glass fibre and the phenolic 
matrix, (see Section 2.7.4). 
In PF.DMC the function of the low strength matrix is to transfer stress to 
the glass fibre reinforcement which then carries most of the load. Since 
stress is essentially transferred in shear through the interface, good and 
uniform adhesion of the resin matrix to the fibre is essential. Only limited 
proof (optical and electron scanning microscopy) of an interfacial bonding 
was found (see Figure 6.3): the glass fibre surface of the broken samples of 
cured DMC were covered with the resin and filler indicated its formation 
(see Figure 6.4). Some indication of the development of a good interfacial 
bond (ie. the relative influence and effectiveness of the coupling agents 
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and sizes applied on the different types of selected glass fibre) was through 
the determination of their flexural strength, flexural modulus and the 
impact strength. Ishida [56], has argued that if the interfacial structure is 
quantitatively linked with the mechanical and physical behaviour of 
composites then their performance may be predicted and controlled. 
From the results of flexural strength, modulus and impact strength of the 
PF.DMC (made from formulations F.l and F.2) the following observations 
are made, (see Figure 5.10,5.11, and 5.12): 
a) Comparison between the two grades of chopped strand glass fibres, the 
soluble size Qow integrity) 1617 and the insoluble size (higher integrity) 
1401 showed that higher flexural strength, flexural modulus and impact 
strength resulted from the former. (Note: Strand integrity is the ability of 
the constituent fibres to hold together: see Section 2.6.3). The lower 
mechanical properties seen with 1401 may be attributed to a poor resin 
retention by the fibre during moulding, causing segregation of the resin 
from the fibres (specially as filler content is reduced), and also poor wetting· 
(note that J2027 of lower viscosity resin resulted in mouldings of greater 
flexural and impact strength than the use of higher viscosity J2039 resin). 
The fibre bundles contain 102 individual glass filaments and hence the 
DMC with 1617 glass fibre has nearly 100 times more number of glass 
filaments than the DMC with 1401 glass fibres. Theoretical studies on 
suspensions of rods show that at the same volume fraction, the viscosity 
of a suspension increases with length to diameter ratio. This was seen as 
viscosity of DMC containing the glass fibre 1617 was increased due to the 
fibre filamentisation process. The increased viscosity, resulted in uniform 
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fibre distribution and as fibre distribution and orientation effects are the 
largest two factors in causing strength variability in mouldings, 1617 fibres 
produced mouldings of better mechanical properties. The surface finish of 
these mouldings were also superior than the DMC reinforced with 1401 
glass fibres (see Figure 5.5). 
b) The J2027 resin gave mouldings of greater flexural and impact strength 
while the higher viscosity J2039 resin resulted in mouldings of higher 
flexural modulus. This is expected since the J2039 resin has a 
comparatively lower reactivity compared to J2027 resin, resulting in 
possibly lower number of crosslinks in the cured mouldings. Since the 
increase in cross link density makes the composite to become more brittle, 
J2039 resin with comparatively lower crosslinks and slightly higher 
viscous component gave rise to higher flexural modulus. With flexural 
and impact strength on the other hand, a rigid structure created by the 
presence of higher crosslink density in mouldings made from J2027 resin, 
a greater initial load is needed to cause a fracture with spontaneous failure 
of the cured sample of PF.DMC. Alternatively, since J2027 has a lower· 
viscosity it will more readily spread and wet over the reinforcing fibres, 
compared with J2039 resin. Subsequently superior (ie. more complete) 
interfacial bonds may be formed between the matrix and the glass fibres, 
giving DMC of greater flexural and impact properties. Using J2027 resin, it 
was found that in general, higher the flexural strength of the cured DMC, 
higher the impact strength of that sample but lower the flexural modulus. 
Sp 406 grade glass fibre (see Table 3.3) was chosen for its overall properties 
compared to the other grades and was therefore used in all the further 
works for developing PF.DMC. 
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6.1.2 Effect of Silane Coupling Agents 
As previously mentioned in Section 2.2.5, chemical interactions at the 
interface affects the morphology of the interface. The degree of wetting and 
cohesion between the resin and filler is determined by the surface energies 
of the components. By the applications of surface coating of coupling agent 
it is possible to lower the higher surface energy of the fillers and thus 
improving dispersibility. The role of coupling agents on the suspension's 
rheology can only be understood when there is information on the type 
and properties of the interface and resulting interactions, between the 
coupling agents and particulates, and between the coupling agent and 
matrix resin. 
Different effects have been observed on the rheological properties of 
concentrated suspensions of fillers coated with coupling agents: viscosities 
of suspensions may be both increased. The viscosity of the suspensions 
into which Al120 silane was dispersed showed an apparent increase, while 
with A187 viscosity remained the same, and where with All00 silane 
viscosity decreased. The reason for this increase in viscosity is thought to . 
be due to a small number of chemical bonds or molecular entanglement 
with PF resin, which causes an increase in viscosity. 
As previously discussed the need to have a good interfacial bonding is 
necessary in order to maximise strength properties. Since inorganic fillers 
invariably contain hydroxyl groups on the surface, (e.g due to reactions 
with atmospheric water or simply due to strong adsorption forces 
resulting from the high surface energy), only those polymers that can form 
hydrogen bonds are capable of forming strong interfacial bonds. For this 
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reason particulate fillers were pre-coated with coupling agents prior to 
compounding. 
i) Addition of silane to resin 
Silane coupling agent AII00, when added at 3 %wt concentration directly 
to the resin prior to compounding, improved the flexural strength of the 
cured DMC (see formulation F.l in Table 4.1) by 15 % to 122 MPa. The 
reason for the increased flexural strength is partly due to the effect of 
silane in lowering the resin's surface tension, allowing greater spread of 
resin on to the filler and fibres surfaces, and partly due to some possible 
interfacial bounds. 
Comparison between the different grades of silanes, All00 provided the 
highest improvement in the strength properties of PF.DMC. However, the 
highest flexural modulus was found with 3 %wt All00, but as expected 
this was 24% lower than the original PF.DMC (ie. containing no coupling 
agents). The impact strength of the cured DMC on the other hand 
improved by 26.5% to 6.80> at 1 %wt addition of All00 silane. 
As seen from the above results, presence of silane coupling agents 
increased the flexural and impact properties of the DMC mouldings. At 
first the reason for this increase was thought to be due to the increase in 
pH, brought about by the presence of strong alkaline silanes and their 
influence on crosslinking. However, Figure 5.19 showed that pH of DMC 
was varied only slightly when All00 silane at concentrations 0.76, 1.17, 
and 1.95 %wt was added. Therefore the increase in the flexural and impact 
strength is believed to be due to the increase of interfacial bonds between 
the different phases ie. resin, filler and the glass fibre. 
135 
The result shown by the DSC thermogrames (see Figure 5.20) showed that 
the increase in concentration of AII00 silane in the compound, increased 
the peak exotherm Tp. Therefore the increase in mechanical properties 
must also depend on the increase in the rate of curing and the higher 
possible number of crosslinks. 
ii) Coating of filler 
Coating of filler particles with 5 %wt AII00 improved the impact strength 
of mouldings by 32%, the highest increase compared to the other silanes 
(ie. Al120 and A187) and at different concentrations (ie. 1, 3, and 5 %wt). 
The results form the effect of filler treatment with silane showed a similar 
.trend to that of the effect of silane addition to the resin, thus a similar 
reasons given previously also applies here. At 3 %wt All00 or 3 %wt of 
A1120 showed no difference in the flexural properties from uncoated filler 
in PF.DMC (formulation F.1). 
6.1.3 Effect of Thickening Agents 
For the purpose of differentiating between irreversible and reversible· 
thickening process, this section is divided in two parts ie. the action of 
chemical and physical thickening agents respectively. 
i) Chemical thickening agents 
The exact mechanism of the effect of MgO on thickening of PF resol resin 
is not known and not examined in this work. As previously stated it has 
been suggested that one mechanism of thickening occur through the 
formation of phenolate salts upon standing [108]. 
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Figure 5.26, shows that is possible for MgO to be successfully used for 
effective thickening of PF.DMC. However the results showed some 
interesting phenomena differing from that of a polyester thickened resin, 
reported in literature (see Section 2.4.3). When thickening agents is added 
to the polyester resin, viscosity will increase until a plateau is reached, and 
the DMC would then becomes ready for moulding (see Figure 2.6). With 
phenolic resol it appears that the molecular weight and viscosity increase 
are continuous (see in Figure 5.26) ie. until the latter reaches infinity with 
no sign of a plateau. Therefore the shelf-life for acceptable moulding is 
comparatively short, thus the desired processing viscosity has been 
reached and passed: refregeration of PF.DMC compound reduces this 
effects. Also the increase in storage increases the rate of resin's viscosity 
increase (see Figures 5.21 and 5.22). From these experiments it is difficult to 
have a conclusive explanation of a thickening mechanism, although pH is 
thought to have a significant role. MgO has a pH=10, its dispersion in the 
resin may cause increase in molecular weight, through hydrogen bonding 
and chain entanglements, hence increase in viscosity. 
a) Effect of filler- presence of MgO in a resin/filler suspension causes an 
increase in viscosity but the rate of increase appears independent of 
filler type and loading (as seen in Figure 5.27). 
b) Effect of water- both initial viscosity and its rate of change in PF 
oligomers thickened with MgO were affected by the presence of water. 
As the percentage of water in resin increases, then the viscosity and its 
rate both decreases (see Figure 5.28). The water appears to lower the pH 
of a PF resin (even containing MgO, pH=10) and it also reduces a resin's 
reactivity. 
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c) Effect on curing- differential Scanning Calorimetry (DSC) was found to 
be an effective method for determining the reaction rate of curing of PF 
suspensions. The effect of MgO for thickening the suspension A (see 
Table 4.4) is in DSC thermograms. It was seen that as well as accelerating 
the rate of viscosity increase, MgO also reduced the peak exotherm 
temperature (Tp). Lower Tp appears to permit shorter moulding time 
for acceptable cure to take place. From the results given in Figure 5.29, 
DSC is thought to be a reliable method to follow the course of 
thickening and ageing process in the PF suspension. The addition of 
MgO initially resulted in a sharp decrease in Tp, (dependent on the 
concentration added, by 15% at 2 %wt MgO), followed by still higher rate 
of reduction, before becoming steady after about 20 days. 
ii) Physical thickening 
From the results discussed in the previous section it can be seen that when 
an appropriate optimum viscosity is reached, then compression moulding 
of the DMC should have been carried out or else the viscosity would have 
increased beyond a point of useful mouldings estimated to be in the range . 
of 1x107 Pa.s. 
In this respect, physically thickened resol eliminated this problem. It was 
found that by incorporating small amount of thermoplastic novolak resin 
(hexa-free), that the viscosity of neat PF resol resin, was substantially 
increased. The increase was directly dependent on novolak concentration. 
A crystalline novolak resin, when blended with resol at 80°C, after 
melting, gave a clear transparent resin. However, the two resins do not 
disperse homogeneously (at the molecular level); this was seen from their 
DSC thermograms (Figure 5.31), showing a clear distinction between their 
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respective Tps. When the mixed resin was cooled to ambient temperature, 
the solution crystallised and the resol resin became encapsulated in a 
crystalline network; tack-free composition can be formed in a very short 
time. 
The main problem with this system is that at moulding temperatures the 
related viscosity was thought to be considerably lower than chemically 
matured systems, leading to voids and poor mould filling. 
6.1.4 Effect of Mixers on compounding 
i) Planetary mixer 
Although planetary mixers have been used for compounding DMC in the 
past, but the following disadvantages experienced during the research 
showed this method of compounding had considerable limitations. 
a) poor control of batch temperature during compounding, 
b) adherence of material around the edges of the mixing vessel and the 
necessity of its occasional removal by scraping down, 
c) ideally needs change of mixing blades at different stages of mixing for 
complete distribution of filler and fibre during compounding. 
ii) Z-blade mixer 
After the initial modification to the blades, as well as the introduction of 
methods to ensure a constant control of mixing temperature, acceptable 
compounds were produced. This method eliminated the need for 
changing the mixing blade during the process. However, it was found to 
have the following disadvantages: 
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a) material adhering to the back of the blades, thus a portion of material 
remained unmixed, 
b) it is a batch process, 
c) it requires a relatively long time to mix the resin and filler (see Figure 
4.2(a», 
d) the resulting DMC is uncompacted, and in a loose, bulky form, 
e) use of long fibres ie. above 20mm caused sever fibre agglomeration and 
thus a DMC with unacceptable fibre dispersion, 
f) fibres are randomly oriented in three planar direction, (perhaps an 
advantages in most circumstances). 
6.1.5 Curing Temperature 
There is an optimum temperature for curing the PF.DMC. This was found 
to be about 190°C, determined from the effect of curing temperature on the 
mechanical properties of the cured PF.DMC mouldings. Not surprisingly, 
curing below this temperature increased the cure time. Curing above 
190°C caused a cure differential, especially in thick samples where the 
surfaces of moulding cured at a faster rate to the core, creating a barrier· 
between the surface of moulding and its inner body, thus reducing the 
effective transfer of heat. This will in turn cause a lower number of cross 
links in the centre of mouldings and thus decreasing the flexural strength 
of the samples, as evident in Figure 5.32. 
The Tg in the cured sample of PF.DMC was found to increase with the 
extent of cure (see Figure 5.33). This is in agreement to the results found by 
Dutta et.al [109] working on epoxy resins, who showed that the increase in 
curing will increase the Tg of the curing composite .. 
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DISCUSSIONS OF THE MAIN EXPERIMENTAL RESULTS 
6.2 Optimisation of Processing the PF.DMC in Twin Screw Compounder 
using Formulations F.l and F.2. 
6.2.1 Assessment of Fibre Length Population 
The average fibre length and fibre length distribution provide a reliable 
method relating process conditions to the mechanical properties of the 
cured DMC. With twin screw extruder, through changes and resetting of 
the screw segments it was possible to optimise a screw configuration, to 
produce a PF.DMC with controlled fibre length distribution. 
The method of determining the fibre length and fibre length population, 
described in this work (see Section 4.2.2) although may be regarded as 
tedious and time consuming, but is a realistic and reliable approach for 
determining the fibre length population of extrudate DMC where there is 
a combination of long and entangled fibres. The effectiveness and accuracy 
of the method used for determining the fibre length population was seen 
from the close correlations between the fibre length population 
distribution curves resulted from the fibre length measurements of 
compound with SC.5 (see Table 5.2 and Figure 5.43). 
i) Effect of mixing length 
The effect of increasing the length of the section of the second stage of 
mixing, (the stage responsible for mixing the glass fibre into the 
resin/filler suspension in the twin screw extruder) would be expected to 
cause increased fibre attrition due to the increase of shear. However, from 
the comparison between the compounds resulting from SC.1 and SC.2 (see 
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Figure 5.37), where rovings was fed into the extruder via port "c", it can be 
seen that this arrangement had little effect on fibre length population. Its 
main effect was however, on improving the flexural strength of the cured 
mouldings by 21 % (see Table 5.2). This suggests that the longer mixing 
section must improve fibre wetting, increasing the average value of the 
observed flexural strength. Similar trends were also seen in compound 
mixed with SC.4 and SC.5 (see Figure 5.38) where rovings was fed to the 
extruder via port "a". The length of mixing in the screw configuration 
increases the shearing on the DMC, thus affecting its fibre length 
population . 
. il) Effect of fibre residence time 
The effects of fibre residence time and shear mixing were found from 
comparisons between compounds made from SC.l, SC.2, and SC.3 (see 
Figure 5.37) and SC.4, SC.5, and SC.6 (see Figure 5.38). Judging by the shape 
of the histograms obtained the greater uniformity of fibre length 
illustrated by fibre length population in SC.l, SC.2, and SC.3 compared to 
SC.4, SC.5, and SC.6, are thought to be due to the increased fibre dispersion . 
and wetting. In almost all cases, the increase in fibre residence time, ie. the 
increase in shear history, increased fibre attrition but provided a DMC 
with a relatively higher flexural strength. 
iii) Effect of mixing paddles 
The effect of angle of mixing paddles on fibre length population was seen 
from the comparisons between the compounded DMC with SC.2 and SC.3 
(see Figure 5.37). The increase in paddles angle appeared to have little 
effect on the mean fibre length and its subsequent effect on the mean 
flexural strength properties of the cured DMC. However, the mode of the 
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distribution was decreased as indicated by the shift in fibre length towards 
a shorter fibre length. This showed the existence of a stronger shear due to 
increased paddles angle, but one which did not have a real impact on the 
mean fibre length and the resulting flexural strength of the cured 
mouldings. 
Comparison between the compounds compounded with screw 
configurations of SC.5 and SC.6, showed that the flexural strength again 
remained unchanged, but the mean fibre length was almost halved. This 
appears to be due to some initial fibre attrition caused by the increase in 
paddles angle. Therefore, the mechanism of fibre reduction appears to 
favour the break down of long fibres rather than the continued reduction 
of short fibres. The difference in fibre lengths are a reflection of the history 
of the fibres on their passage through the compounder, with regard to the 
shear stress and the rate of orientation experienced. 
Distribution or separation of the same number of mixing paddles along 
the screw used in screw configurations of SC.1 to SC.6, proved to be . 
ineffective in improving the flexural strength of the cured PF.DMC, (see 
SC.7 in Figure 5.39). Shearing is reduced when the screws are interrupted 
by mixing paddles. Comparison between SC.7 and SC.3 showed that the 
mean fibre length was slightly increased with this arrangement, but the 
fact that it resulted in a DMC with lowest flexural strength indicated a 
poorer fibre wetting and distribution. 
When the glass fibre content was increased from 22.6% to 29%, using SC.7 
no appreciable changes occurred between their respective fibre length 
population histograms, although compound resulting from SC.S led to the 
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increase in the flexural strength of the cured PF.DMC (see Table 5.2). 
Therefore the higher volume of rovings had little effect on fibre length. 
Vonturkovich[111] showed that fibre volume has no effect on fibre 
breakage and abrasion between fibres and that even in high concentrations 
of suspensions fibres are free to rotate. 
The effect of mixing paddles along the length of screw on fibre length 
population was shown in SC.S, where no paddles were used (see Figure 
5.39). Comparison between this screw configuration to others where 
roving was fed via port "a", (ie. SC.l, SC.2, and SC.3) provided the longest 
mean fibre length (36.6 mm) and the highest flexural strength in the DMC 
(72 MPa). The higher flexural strength was somewhat unexpected, since as 
seen previously, as mixing time or shearing increased the flexural strength 
was also increased. This effect appears to have occurred due to rovings 
remaining largely as a bundles, thus more capable of transmitting applied 
stresses from fibre to fibre. 
The elimination of mixing paddles almost doubled the variation in the . 
standard deviation about the mean of fibre length. This indicates that 
mixing paddles have a tendency of producing a DMC with fibres more 
uniformly distributed (ie. better mixing). This effect may also be explained 
by compound from SC.IO (see Figure 5.40) where rovings was introduced 
into the extruder via port "c". The increase in mixing length and the 
subsequent increase in shearing caused a reduction in mean fibre length as 
expected, but at the same time the average flexural strength was decreased. 
This does not fully explain the variations in the obtained flexural strength 
properties of the cured PF.DMC. Further information is needed to explain 
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the wetting of fibres by resin and also the strength of the interface between 
them and this was out of the scope of this research work. 
iv) Effect of fibre wetting 
Using the fibre wetting tank (see Figure 5.59), rovings were successfully 
wetted by the lower viscosity resin prior to its introduction into the 
extruder (see Figure 5.58). It was anticipated that if fibres were first wetted, 
this would result in mouldings of higher flexural strength due to 
improved overall wetting. Also by incorporating the resin coated rovings 
into the formulations of compound SC.5(b) (ie. getting SC.5(c), see Table 
5.3) then this would have also produced mouldings of a much superior 
surface finish and higher flexural strength properties (see Figure 5.5). It is 
thought that wetting is improved in the cured PF.DMC based on J2039, if 
the fibres are first coated with J2027. As was seen in Figure 5.60, the 
viscosity of J2039 resin was almost halved when 15 %wt J2027 resin was 
added to the J2039. Therefore the advantages are as well as benefiting from 
the lower resin viscosity which improves fibre wetting, the resulting 
mouldings can be expected to have a much superior surface finish due to . 
higher viscosity of J2039 resin as was seen to produce a better surface finish 
mouldings. 
However, different results than expected were found with flexural 
strength of the cured samples based on these mouldings, ie. between the 
values of SC.5(a) and SC.5(b) in Table 5.3. One possible reason for this is 
the excessive shear working in compounds, causing severe fibre attrition 
(to below Imm in length) and giving lower flexural strength. This 
occurred as Specwhite filler was mixed with J2039 resin at a compensated 
rate (so that when compounded with the coated rovings to give a correct 
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ratio of resin : filler): caused severe fibre attrition when a wetted fibre 
roving, more susceptible to buckling and bending, was compounded into 
the high suspension viscosity. 
6.2.2 Assessment of Fibre Orientation Effects 
The behaviour of fibre orientation and fibre attrition may be explained by 
considering a single rigid fibre immersed in a viscous fluid, and assuming 
that the fluid is undergoing steady simple shear flow in the x-direction. If 
the centre of the fibre is at the origin, it experiences no net translational 
force and its centre remains stationary. However, the two ends of the fibre 
experiences a net torque (see Figure 6.9). Since no external moments are 
applied to the fibre, it must rotate in such a way that the net moment 
exerted on the fibre by the fluid suspension is zero. Then orientation is 
achieved in response to deformation of the suspending fluid. 
y 
Rigid Fibre in Simple Shear Flow 
Figure 6.9 
x 
When such oriented fibres are at position e = +450 the fibre is in tension, 
where as at e = -450 the fluid acting on the fibre put it in compression. The 
result is that buckling occurs at a critical shear stress in the fluid for fibre 
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lying in the plane of motion. Since buckling has been shown to be a 
dominant mechanism of fibre breakage[l10), then serious fibre attrition 
will take place. 
In majority of cases, the flexural modulus of mouldings resulted from 
compounding the DMC in the twin screw extruder were comparatively 
higher than those compounded in the Z-blade mixer. This appears to be 
primarily due to the comparatively weaker interfacial bond strength 
between the matrix and the glass fibre, again because of the effect of 
improper glass fibre sizing. This effect is seen from Figure 6.3 which 
. shows a surface fracture of sample compounded from SC.5(a). It is clearly 
seen that fibres are clean and the matrix has shrunk away from the fibre. 
Comparing this with the SEM of the same composition except with a 
different grade of glass fibre compounded in Z-blade (see Figure 6.4) is seen 
that the fibre is properly covered with matrix. This effect is also further 
evident from Figure 6.8 which clearly shows the bonding of resin/filler 
onto a fibre surface before and after cure. 
i) Method of studying orientation 
The method developed in this work for evaluating the fibre orientation 
(see Section 4.2.2 iii) appears to be most useful in examining the PF.DMC 
extrudates with long and entangled fibres. The principle behind this 
technique is sintering and its mechanism of formation have been 
explained in Section 2.5.6. One of the advantages of Specwhite particulate 
filler in the PF.DMC formulation is that when the extrudate samples were 
heat treated at 800°C, they formed a relatively strong coherent solid which 
could be surface wet polished to study fibre orientation. When a DMC 
extrudate is heated at high temperatures, an uncured resin is likely to 
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quickly boil (rather than cure), allowing easy rearrangement of the filler 
particles and the reprecipitation of the solid in the liquid phase then 
allows reshaping of particles and formation of a dense body. This stage is 
quickly followed by degradation of the resol, with gradual change into 
carbon. Therefore, when the top original surfaces of these extrudates are 
removed (ie. by wet polishing techniques, see Section 3.2.4 ii), fibre 
orientation can be clearly observed in the DMC. 
ii) Effect of Die 1.1 
Examination of the extrudate from Die.I.l using the method described 
above revealed the following, (see Figure 5.45): 
.a) DMC exhibited plug flow, 
b) fibres passing through the Die 1.1 were subjected to follow a "figure of 8" 
orientation, 
c) the existence of fibre non-homogeneity at the centre line of flow of 
compound in the machine direction. 
These results explained some of the variations found in the flexural . 
strength results (see Table 5.2). Therefore the next logical step was to 
design and make a die that would give uniform and controlled fibre 
orientation in the DMC. Different screw configurations were examined 
(see Section 4.2.1 ii). The screw configuration, se.5, was used to assess and 
resolve the orientation problem in the extrudate DMC. The reason for 
choosing this, was to achieve the highest fibre length but with lowest 
skewness (ie. as close to the normal distribution as possible). 
The complexity of the flow and subsequent orientation of DMC extrudate 
arises mainly from presence of different screw segments. With the self-
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wiping twin screw extruder used in this work, flow unsurprisingly follows 
a "figure of 8" orientation. However, material reaching the end of the 
screw (le. approaching die head), is forced to pass over the camel screw 
segments. Note: the camel screw segments are the necessary part of screws 
and function as bearings, supporting the screw in the barrel. Therefore it 
appears that there are a combination effects causing "figure of 8" fibre 
orientation, first were fibres cross from channel to channel as material 
flows from one screw to the other, and second where fibres orient as a 
result of material flowing in the channels of each of the camel screw 
segments without crossing from one channel in to other prior output 
through the die-head. However, it become necessary to control glass fibre 
direction into simple uniaxial, biaxial or complete random orientation, to 
make repeatable DMC which can be successfully moulded. Therefore the 
"figure of 8" orientation had to be eliminated in the die. The progressive 
development of die designs proved successful in producing a DMC 
extrudate with controlled fibre orientation either in the axial or transverse 
uniaxial direction. 
iii) Effect of Die 1.1 +2.2 
When comparing se.5 (Die 1.1) with se.5(a) (Die 1.1+2.2), using }2027 the 
flexural strength in the transverse direction was slightly better than in the 
machine direction (see Table 5.3). This is explained by the predominant 
transverse fibre orientation. The possible reason for fibres orienting in the 
transverse direction in Die 2.2 is not due to the plug flow behaviour of the 
DMC, because the pins in the die should produced fibres orienting in the 
machine direction. However, the more logical explanation for the 
alignments of fibres in the transverse direction may be due to the 
decreasing acceleration of material flowing in the diverging die (noting 
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that the inlet and outlet of die 2 designed to be the same). Thus fibres and 
especially soluble size on glass fibres (see Section 2.11) which appear more 
prone to orientation, align themselves in the direction of increased 
acceleration. This is in agreement with the results of [101] working with 
extruded glass fibre reinforced thermoplastics materials. 
Comparison between the average flexural strength in compound of SC.5(a) 
and SC.5(b) (ie. of low and high viscosity resin respectively) showed a 
different results to the flexural strength of mouldings obtained from 
compounding in the Z-Blade mixer (see Figure 5.10 and Table 5.3). In 
compounds resulting from SC.5(a), using lower viscosity J2027 resin, 
compounded in the twin screw extruder, using formulation F.5 (see Table 
5.1), produced mouldings of lower flexural strength, compared to 
mouldings prepared in the Z-blade mixer using formulation F.l (see Table 
4.1). 
The reason for the lower mean fibre length resulting from SC.5(b) 
compared to SC.5(a) (as seen in Table 5.3) may be due to the higher· 
viscosity of J2039 resin, with an expectation of fibres buckling and fibre 
attrition being much greater than for a lower viscosity compound. The 
flexural strength was poorer by 32% in compounds of SC.5(b), Die 1.1+2.2, 
F.5 and by 48% in mix SC(a), Die 1.1+2.2, F.5 (see Table 5.3). 
Iv) Effect of Side Blocks in Die 2.2 
By positioning the side blocks in Die 2.2 (see Figure 5.53) it became possible 
to change the orientation of fibres from transverse direction into machine 
direction from the flow of DMC through the converging die 
(horizontally). With the dimensional limitations of the extruder barrel 
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and die used, it was not possible to use a 2400 tex roving (ie. the die was 
blocked). Instead a 600 tex fibre roving with same sizing was used for 
compounding (see Tablej3 SC.5 (b'». However, flexural strength of these 
extrudates were greater than those of DMC from SC.5(b). This suggests that 
more orientation had taken place, causing fibres to align themselves more 
closely and in parallel to each other, thus transmitting more of the applied 
stresses from the weak matrix to the stronger fibres (see Figure 6.6). 
Therefore to conclude, in this work compounding PF.DMC using twin 
screw extruder, leads to fibre length population significantly longer than 
that of chopped strand fibres prepared by Z-blade mixing. However, Z-
blade mixing gave rise to mouldings of much higher flexural strength 
than in the twin screw extruder. There are two possible reasons for this: 
occurring with the various PF.DMC formulations employed. 
(i) Incompatibility of the glass fibre size with the resin/filler suspension 
As the sizes used on the chopped glass fibre and continuous rovings were 
different, it is suspected that this may be the prime reason for the· 
difference in compounds produced by Z-blade and twin screw equipment. 
It would be expected that an identical formulation would be better wetted 
and give superior mechanical properties by twin screw compounding. The 
high proportion of long fibres and controlled orientation would also lead 
us to expected superior properties from twin screw compounded DMCs. 
Scanning electron micrographs of the DMC made by Z-blade mixing 
showed fibres to be fully wetted (see Figure 6.5). Scanning electron 
micrographs of DMC made by twin screw show fibres have unity but be 
largely unwetted (see Figure 6.6). It is unfortunate that a continuous 
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roving grade with a size and coupling agent designed specifically for this 
type of continuous compounding was not unavailable for this research. 
(ii) Incompatibility between the two layers of extrudate sheets for 
moulding 
It has been observed that the surface of extrudates age more rapidly than 
their cores. This phenomena was observed and explained in Section 6.1 (i) 
with respect to the oxidation of resin surface. It is possible that some 
crosslinking will take place, reducing interlaminar strength when two or 
more layers are compression moulded together ie. reduce flow at the 
interface. Similarly flexural strength properties may be expected to be 
poorer, as made evident by fracture developing initially at the interface. 
iii) Formation of cracks 
The lower flexural strength properties in the cured DMC compounded in 
twin screw extruder may also be due to presence of micro cracks which is 
the result of the high proportion of fibres oriented at the surface of these 
mouldings. Generally cracks in fibre reinforced composites occur when a 
group of fibres are found lying parallel to each other at some point on the 
surface with no inter-locking or cross fibres close enough to carry during 
the cross wise stresses imposed at that point. As the resin shrinks during 
the cure of DMC, the longitudinal strands laying in the plane will resist 
this shrinkage. Since the transverse strand can not provide similar 
strength, a crack may occur, running parallel to the strands. This explains 
the reason for the appearance of cracks on the cured extrudate DMC, the 
effect which was not experienced on samples made from compound 
mixed in the Z-blade mixer (see Figure 6.7). However, the cured sample of 
extrudate exhibited a much improved surface finish compared to 
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mouldings made in Z-blade mixer. The better surface finish is due to the 
high compaction of material flowing through the die. 
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Figure 6.1: SEM, Showing the Uncured Sample of Resin/Fibre Composition' 
Figure 6.2: SEM, Showing the Uncured Sample of Resin/Filler/Fibre' 
Composition 
Figure 6.3: SEM, Showing a sample of Cured DMC 
mixed in, Twin Scerw Extruder. 
Figure 6.4: SEM, Showing Surface Fracture of a Cured Sample 
of DMC Compounded in Z-blade Mixer. 
Figure 6.5: 
Compounded In Z-blade Mixer. 
Compounded in Twin Screw Extruder. 
Figure 6.6: SEM, Showing the Fibre Orientation in a Cured Sample 
of PF.DMC Moulding. 
(a) 
(b) 
Figure 6.7: Comparison Between the Surface Finish of Cured DMC Compounded 
in Z-biade Mixer (a), and Twin Screw Extruder (b). 
a) Silane Coated 
b) Resin/Filler Coated (uncured) 
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C) Resin/Filler Coated (cured). 
Figure 6.8: SEM, Showing a Single Fibre 
CHAPTER 7 
CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER 
WORK 
7.1 Conclusions 
(1) The low viscosity resol resin (with relatively high water content), can 
readily wet filler and fibres in a DMC compounding process, leading to 
good mechanical properties. In comparison, the higher viscosity resol 
(with low water content), had shorter cure time, but slightly poorer 
mechanical properties; 
(2) Specwhite filler (ex EeC International) in PF.DMC helps to improve the 
flow and distributions of resin/glass fibre during compression 
moulding, improving handling of material prior to moulding, and can 
have profound effect of curing time and temperature; 
(3) Using a Z-blade mixer, BP Chemical's Cellobond J2027 gave rise to 
mouldings of higher flexural strength compared to J2039. With twin 
screw compounding the higher flexural strength was found with J2039 
resin; 
(4) Grade SP 406 glass fibre (ex vetrotex), compared to other grades, on 
average produces the highest strength properties in PF.DMC 
mouldings; 
(5) Densification of dough (uncured DMC) compounded in the Z-blade 
mixer will improve the flexural strength of mouldings as well as 
producing a better surface finished mouldings; 
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(6) The surface finish of mouldings produced from J2039 was superior to 
that of cured compounds made from J2027, either by Z-blade or twin 
screw compounding; 
(7) a cured DMC made from a simple recipe based on phenolic resol resin 
and compounded in Z-blade mixer, has comparable or better 
mechanical properties than that of UPRDMC; 
(8) Size and coupling agent used on the glass fibre appear to be critical for 
continuous rovings to be compounded with PF resol, and to optimise 
mechanical properties of cured PF.DMC; 
(9) Addition of selected silane coupling agents provide> advantages 
(inparticula, addition of AllOO) when added directly into a resol 
oligomer prior to compounding with filler and fibres. It improves the 
flexural and impact strength of the cured PF.DMC mouldings. 
However, the presence of silanes, either added or coated on filler 
surfaces appears to decrease the flexural modulus of mouldings; 
(to) Phenolic resols can be thickened with MgO, although the mechanism 
is extremely complex, and is dependent on molecular weight, water 
content, and pH of resin. MgO also reduces the cure time of PF.DMC; 
(11) DSC is a convenient method of investigating and following the effect 
of thickening and ageing process on cure of PF resin; 
(12) Viscosity increase due to increased molecular weight of resol oligomer 
with ageing, is dependent on volume and exposed surface area of 
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resin to air. The greater volume of resin or the smaller its exposed 
area to air, the longer the shelf-life of the resin; 
(13) The high viscosity of J2039 resin can be substantially reduced by 
mixing in the lower viscosity J2027, thus benefiting from both the 
effect of J2039 resin on improving the surface finish of mouldings, and 
the J2027 resin on improving fibre wetting and increased flexural 
strength; 
(14) Control of resin and DMC's pH to be at or close to neutral (ie. pH=-4-) 
will increase the shelf-life of compound. pH either below or above 4 
decreases the shelf-life while shortening the cure time of DMC during 
moulding; 
(15) Storage of DMC below QOC will substantially increase the shelf-life of 
compound prior to moulding; 
(16) Novolak phenolic powder (free from curing agents) can also be used 
to thicken resol resins, although the process is thermally reversible 
(eg. heating during curing); 
(17) There is an optimum temperature at which curing DMC will produce 
mouldings of highest flexural strength population; 
(18) A twin screw extruder can be used for controlled compounding of 
resol resins with filler and fibres, to make a DMC. The method has the 
potential for full automation; 
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(19) By careful design of the screw configuration it is possible to control the 
fibre length population in an extrudate; 
(20) Pre-coating of fibre rovings with low viscosity resol (using fibre 
wetting tank) prior to introduction into the suspension of high 
viscosity J2039 resin and Specwhite filler in the extruder, resulted in 
mouldings of lower flexural strength and increased fibre attrition; 
(21) Fibre orientation in the extrudate DMC can be controlled depending 
on die design. Fibres can be oriented either in the transverse direction 
to the machine flow, or in the parallel direction; 
(22) Sintering the PF.DMC extrudates proved an effective method of 
detecting fibre orientation in extrudates; 
(23) Method of determining the fibre length population in the extrudates 
(ie. sieving technique) is thought to give a more reliable indication of 
the effect of compounding on fibre length; 
(24) By post curing it is possible to increase the Tg of PF.DMC. The Tg of 
treated samples regardless of the curing temperature in the mould, 
eventually comes to a common value; 
(25) Viscosity changes due to increased molecular weight and cross-linking 
during the curing stages of PF resol resin, can be recorded using the 
oscillating rod system. It is capable of following the development of 
cure from free flowing resin beyond its gel point. However, the system 
is unsuitable for following the cure characteristic of PF.DMC. 
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7.2 Recommendations for Further Work 
(1) Studying the effect of passing the PF.DMC extrudate through a static 
mixer, in order to disturb the "figure of 8" fibre orientation pattern and 
randomising the fibres. 
(2) To investigate the effect of DMC flow in mould on fibre orientation 
and the subsequent mechanical properties. 
(3) Investigating the mechanisms of interfacial action of coupling agents 
on filler and fibre surfaces on strength properties of PF.DMC. 
(4) Understanding the mechanisms of thickening a resol oligomer by MgO. 
(5) Use of thermoplastic additives for shrinkage control, ego paralleling the 
use of polyethylene in UPR.DMC. 
(6) Study the effect of feeding a 6mm chopped strand glass fibre in to the 
extruder (using force feed hopper) on fibre length population and 
mechanical properties of PF.DMC. 
(7) To find methods of reducing the water content in PF resol but at the 
same time maintaining its reactivity and shelf-life. 
(8) To study the effect of more flexible chains on flexibility of cured resin 
(le % elongation) on mechanical properties of PF.DMC mouldings, 
although this may be adverse to improved fire performance. 
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(9) To study the effect of internal and external lubricants (e.g zinc stearates) 
a) on adhesion of moulding to the mould surfaces, b) on interfacial 
bonds between the filler/glass fibre with resin, on fibre length 
population, c)on fibre orientation, and d) on the mechanical properties 
of the mouldings. 
(10) To understand the influence and effect of viscosity of DMC before and 
during curing in the mould on surface finish, flow and the subsequent 
mechanical properties of mouldings. 
(11) To examine the use of twin screw extruder with UPR.DMC 
formulations. 
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ApPENDIX A 
ORS VISCOMETER 
Measurements of Viscosity and Cure of 
Thermosetting Resin Using OscUlating Rod System 
Introduction 
DMC has complex rheological properties and measurements of such 
systems involving long aspect ratio glass fibres are difficult. Since the 
rheological behaviour of DMC (ie. the response of a macroscopic mass of 
the material to complex deformation or flow situation) may be related to 
the rheological behaviour of the individual material components of the 
composition. Rheological study of the resin and filler should give some 
indication as to the overall rheological properties of the final DMC 
composition. 
Determination of cure characteristics and viscosity measurements of resol 
phenolic resin (with variety of viscosities and molecular weights), many 
of the commercial viscometers such as cone and plate, Brabender and 
Brookfield viscometers are unsuitable.In many respects, the cureometers 
used to evaluate vulcanised elastomeric systems have same potential. 
In DMC, resin cure is dependent on factors such as, reactivity, molecular 
weight, and water content. Thus a quantitative knowledge of these 
properties on curing reaction are most desirable. One problem of using a 
viscometer such as the Brookfield, is that during the course of the curing 
reaction, as viscosity increases, then the viscometer's rotating spindle 
needs also be changed. At or near gel point, the molecular weight and 
viscosity of the resin increase sufficiently to reduce flow. Thus the spindle 
gradually gains momentum in the hole it has created, due to slow 
recovery and flow in the resin: therefore (incorrectly) apparent viscosity 
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decreases. Monstanto cureometer was considered but even when the 
instrument was modified to retain a free-flowing resin 02027}, the rigid 
and briHle characteristics of the resin did not allow adequate monitoring of 
viscosity progress. Clean-up of the cell at the end of test proved difficult. 
A device developed at IPTME (based on RAPRA's Vibrating Needle 
Cureometer (VNC), and not commercially available at the time of this 
research work) was used to assess the cure characteristics of a 
thermoseHing resol resin, we called this Oscillating Rod System (ORS), as 
shown Schematically in Figure A.3. 
Principal of Operation 
The set-up of various components are shown schematically in Figure A.t. 
A sample (15 g) was placed inside a 30 ml glass tube. The tube was then 
half immersed inside a steel tube containing a molten metal alloy 
(melting range between 103-227°C). The tube was heated with an electric 
band heater, while the temperature was controlled with a thermocouple 
temperature controller. A stain steel rod (dimensions 100mm length and· 
2mm diameter) connected to a oscillating generator was immersed inside 
the sample, to a pre-marked position of 10mm. 
The amplified frequency signal from the function generator in (I), was 
sent to the oscillator (4), through the amplifier in (2). Any changes in 
viscosity of the measuring sample, altered the current to the oscillator 
(change in flux density) and was recorded using a chart recorder (6), 
through the AC/DC convertor (5). (See Figure A.2). The signal from the 
digital thermometer (9), which measured the actual sample temperature, 
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was also recorded on the chart recorder. Figure A.3 shows the setup 
arrangements of ORS. 
Results and Piscussions 
It was established by experiment that at a resonance frequency (about SS 
Hz), the current output from the oscillator (as measured by a digital 
multimeter), was at its lowest value, (with maximum amplitude of 
oscillation), as shown in Figure AA. At this frequency, the slightest 
resistance on the oscillating rod caused an increase in the current output 
- from the oscillator, the result of which was recorded on chart recorder. 
The ORS was now ready to analyse a considerable extent of the cure profile 
of heat cured J2027 resin. During curing of this resin, the sample began to 
boil vigorously, but not causing much effect on the curing trace. However, 
at or near gel point, the formation and rupture of now elastic bubbles 
seriously interfered with the curing trace, and resulted in large variation 
in the resulting graphical display. 
In an attempt to establish the validity of the ORS for following cure of a 
thermosetting resin, J2027 was cold cured using an acid catalyst (ie. Phencat 
10), as shown in Figure A.S. From the resulting trace, it is evident that the 
ORS is capable of monitoring the changes in viscosity during the curing 
reaction, with respect to time and amount of catalyst used, if the curing 
materials does not become deformed (ie. by boiling). The traces provides a 
qualitative means of comparing cure in resins: it was thought necessary to 
examine quantitative methods. 
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The ability of obtaining a viscosity increase during cure continuously was 
important. This is almost impossible using conventional rheological 
instruments, since the rate of reaction is often so rapid that simple 
rheometric devices can not respond quickly enough. For this purpose ORS 
(ie. changes in current output due to changes in viscosity or increased 
molecular weight) was simply calibrated against the Brookfield viscometer 
(viscosity measurement in mPa.s). The results are presented in Figure A.6. 
The computation of the results showed that the best curve fit which 
described the relationship between the two viscosity measuring systems, 
and was according to the following equation: (see Tables A.l (a) and (b». 
Y = A x el\ (In. X -B) I\2/C) 
where: 
A=2.4661 
B= 0.8086 
c= 16.6413 
2 R =0.9991 
X= log ORS (changes in current from ORS) and 
Y= log viscosity (measured with Brookfield) 
Calibration 
The resols viscosity was gradually increased with kaolin particu1ate filler 
(Supreme, see Table 3.2). The suspension's viscosity was then measured 
using the Brookfield viscometer. The same suspension was than 
measured with the ORS at different stage of viscosity increase and its 
equivalent current output from the oscillator was attained. Thus the ORS 
could be calibrated empirically against the viscosity of Brookfield 
iv 
viscometer; here assuming equivalent shear rates and shear deformation 
of the test materials. 
Figure A,7 represents the cure profile of J2027 with acid catalyst at 7.15 wt% 
and 10.50 wt% using the ORS. It is seen that viscosity of resin after 14 
minutes is 6xl06 mPa.s at 7.15 wt% catalyst, where as at 10.50 wt% catalyst 
the same viscosity was reached after only S minutes. 
The cure trace obtained in Figure A,5 was repeated in order to determine 
the viscosity characteristics of J2027 during cure. As shown in Figure A,S 
the higher the percentage of catalyst in the resin, as expected the faster was 
its rate of cure, and the lower initial viscosity due to the increase in 
exothermic heat reaction. 
From these traces of viscosity and cure characteristics determined for cold 
cure J2027, it is safe to assume that the ORS is a device capable of 
producing a good indication about the changes occurring in the cure of the 
thermosetting (free flowing) resin. 
However, there are two factors of concern in the effective use of the ORS: 
i) effect of shearing rate of the oscillating rod on viscosity measurements, 
ii) effect of shearing rate on temperature of measuring sample. 
The effect of shearing rate on viscosity of J2027 and J2039 is presented in 
Figure A,9 (a)(b)(c), and (d). As seen from the Figure, the PF resol supplied 
showed a shear thickening behaviour (ie. increase in shear rate will cause 
an increase in viscosity). This was true for resins of different shelf-life, 
although the effect was more pronounced with higher molecular weight 
v 
}2039 resin. The shear thickening effect are quite negligible, nevertheless 
during the calibration stage, all these effects are taken into consideration 
and are a contributive factors in the curve that describes the relationship 
between the two systems. 
Initially was thought effect of shearing, (especially when the ORS was used 
for viscosity measurements at room temperature) may give the a wrong 
value of the viscosity, because of localised the shear heating and lowering 
of viscosity. therefore, a thermocouple wire was positioned close to the tip 
of the oscillating rod inside a suspension (30 wt% Specwhite in }2027 of 
viscosity lxl06 mPa.s) at 21°e for 10 hours. The temperature variation due 
10 shearing effects was recorded on a chart recorder. The result is shown in 
Figure A.IO. No temperature build-up was was apparent, with the end 
value lower than the starting temperature. One reason for no temperature 
raise may be due to the oscillating steel rod being a better conductor of heat 
than the polymer resin, perhaps acting as heat exchanger. 
A final point worth is that viscosity values obtained by the ORS is not an 
absolute rheological quantative property, since this is related to shear 
stress, shear rate, and time dependent; rather this relates to rheological 
behaviour. 
Since by the time this viscometer was developed and modified ready for 
use, most of the rheological properties of resin and resin/filler suspension 
had been measured using a Brookfield viscometer, so the ORS was not 
used extensively. 
vi 
CURVEFIT 
I 
PREDICTIONS EQtr I 22 mm BEST Y=A*eA «lnX-B)A2/C) IVER 2.10Q 
START I 3 STOP I 7 I STEPt 5E-002 
)<-[)ATA ENTRY PREIHCTED Y X-DATA ENTRY PREDICTED Y )!.-DATA ENTRY PREDICTED Y 
3.0000 2.4786 3.7000 2.5034 '4.4000 2.5342 
3.0500 2.4801 3.7500 2.5055 4.4500 2.5365 
3.1000 2.4816 3.8000 2.5076 4.5000 2.5389 
3.1500 2.48:32 3.8500 2.5097 4.5500 2.5412 
:3.2000 2.4848 3.9000 2.5118 4.6000 2.5436 
3.2500 2.4865 3. ':1500 2.5139 4.6500 2.5460 
3.3000 2.4882 4.0000 2.5161 4.7000 2.5484 
3.3500 2.4900 4.0500 2.5183 4.7500 2.5508 
3.4000 2.4918 4.1000 2.5205 4.80013 2.5533 
3.4500 2.4937 4.1500 2.5227 4.8500 2.5557 
3.5000 2.4956 4.2000 2.5250 4.9000 2.5581 
3.5500 2.4975 4.2500 2.5273 4.9500 2.5606 
3.6000 2.4994 4.3000 2.5296 5.0000 2.5630 
3.6500 2.5014 4.3500 2.5319 5.0500 2.5655 
Coefficients IA= 2.4661 I B= 0. 8086 1e:= 16.6413 IR2=0.9991 
Ca) 
Table A.1: Computer Prediction for Best Curve Fitting Equation, 
Relating the ORS to the Brookfield Viscometer. 
CURVEFrr J. pr~EDICTIONS EO" I 22 ~H:i! BEST Y-A*eA «lnX-B)A2/C) lVER 2.10G! $H::: 
.. !3T~;;-~ --_. STOP I 7 I STEP I 5E···OO2 
:''';··DATA ENTRY PREDICTED Y :'<-DATA ENTRY PREDICTE[' Y )<- !)ATI~ ENTRY PREDICTED Y 
•• HN ___ ·H ___ ... ". ___ .'_'_ • 
. _--
---', r-.. - .... ---.~ ...... --...... 1--. -_._ . 
5.1000 2.5680 5.8000 2.6034 6.5000 2.6395 
~ 
~ .. 1500 2.5705 5.8500 2.6059 6.5500 2.6421 
5.2000 2 .. 57~30 5.9000 2.60::::5 6.6000 2.6447 
5.2500 2.5755 5. '~500 2.6111 6.6500 2.1-',·P:3 
5.3000 2.5780 6.0000 2.6136 6.7000 2.6499 
5.3500 2.5805 6.0500 2.6162 6.7!:iOO 2.6525 
5.4000 2.58:::-(1) 6. 1000 2.6188 6. ::::000 2.65~31 
5.4500 2.5856 6. 1500 2.6214 6. ::::500 2. 6~577 
5.~5000 2.58:31 6.2000 2.6240 6.9000 2.6603 
5.5500 2 .. 5906 6.2500 2.6265 6.9500 2.6629 
5.6000 2.5932 6.3000 2.6291 7.0000 2.6655 
5.6500 2.5957 6.3500 2.6:317 
5.7000 2.59:33 6.4000 2.634:3 
5.7500 2.6008 6.4500 2.6:369 
Co.",f·fi.= i ents lA- 2.4661 113 - 0.8086 je- 16.6413 lR2=0.9991 
'---
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